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Résumé 
 
La prolifération, la différenciation ainsi que les fonctions des cellules du système 
immunitaire sont contrôlées en partie par les cytokines. Lors de l’infection par le VIH-1, 
les défauts observés dans les fonctions, la maintenance, ainsi que la consistance des 
cellules du système immunitaire sont en large partie attribués à une production altérée 
des cytokines et à un manque d’efficacité au niveau de leurs effets biologiques. Durant 
ces études, nous nous sommes intéréssés à la régulation et aux fonctions de deux 
cytokines qui sont l’IL-18 et l’IL-21.    
Nous avons observé une corrélation inversée significative entre les concentrations 
sériques d’IL-18 et le nombre des cellules NK chez les patients infectés par le VIH-1. 
Nos expériences in vitro ont démontré que cette cytokine induit l’apoptose des cellules 
NK primaires et que cette mort peut être inhibée par des anticorps neutralisants 
spécifiques pour FasL et TNF-α. Cette mort cellulaire est due à l’expression de FasL sur 
les cellules NK et à la production de TNF-α par ces cellules. L’IL-18 augmente aussi la 
susceptibilité à la mort des cellules NK par un stimulus pro-apoptotique, en diminuant 
l’expression de la protéine anti-apoptotique Bcl-XL.  
Nous démontrons aussi que, contrairement à l’IL-18, les niveaux d’IL-18BP sont plus 
faibles dans les sérum de patients infectés. Ceci résulte sur une production non 
coordonnée de ces deux facteurs, aboutissant à des niveaux élevés d’IL-18 libre et 
biologiquement active chez les patients infectés. L’infection de macrophages in vitro 
induit la production d’IL-18 et réduit celle d’IL-18BP. De plus, l’IL-10 et le TGF-β, 
dont les concentrations sont élevées chez les patients infectés, réduisent la production 
d’IL-18BP par les macrophages in vitro. Finalement, nous démontrons que l’IL-18 
augmente la réplication du VIH-1 dans les lymphocytes T CD4+ infectés. Les niveaux 
élevés d’IL-18 libres et biologiquement actives chez les patients infectés contribuent 
donc à l’immuno-pathogénèse induite par le VIH-1 en perturbant l’homéostasie des 
cellules NK ainsi qu’en augmentant la réplication du virus chez les patients.  
Ces études suggèrent donc la neutralisation des effets néfastes de l’IL-18 en utilisant son 
inhibiteur naturel soit de l’IL-18BP exogène. Ceci permettrait de moduler l’activité de 
l’IL-18 in vivo à des niveaux souhaitables.    
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L’IL-21 joue un rôle clef dans le contrôle des infections virales chroniques. Lors de ces 
études, nous avons déterminé la dynamique de la production d’IL-21 lors de l’infection 
par le VIH-1 et sa conséquence sur la survie des cellules T CD4+ et la fréquence des 
cellules T CD8+ spécifiques au VIH-1. Nous avons démontré que sa production est 
compromise tôt au cours de l’infection et que les concentrations d’IL-21 corrèlent avec 
le compte de cellules T CD4+ chez les personnes infectées. Nos études ont démontré que 
le traitement antirétroviral restaure partiellement la production d’IL-21. De plus, 
l’infection par le VIH-1 de cellules T CD4+ humaines inhibe sa production en réduisant 
l’expression du facteur de transcription c-Maf. Nous avons aussi démontré que la 
fréquence des cellules T CD4+ spécifiques au VIH-1 qui produisent de l’IL-21 est 
réduite chez les patients virémiques. Selon nos résultats, l’IL-21 empêche l’apoptose 
spontanée des cellules T CD4+ de patients infectés et l’absence d’IL-21 réduit la 
fréquence des cellules T CD8+ spécifiques au VIH-1 chez ces patients. 
Nos résultats démontrent que l'IL-21R est exprimé de façon égale sur tous les sous-types 
de cellules NK chez les donneurs sains et chez les patients infectés. L’IL-21 active les 
protéines STAT-3, MAPK et Akt afin d'augmenter les fonctions effectrices des cellules 
NK. L'activation de STAT-3 joue un rôle clef dans ces fonctions avec ou sans un 
traitement avec de l'IL-21. L'IL-21 augmente l'expression des protéines anti-
apoptotiques Bcl-2 et Bcl-XL, augmente la viabilité des cellules NK, mais ne possède 
aucun effet sur leur prolifération. Nous démontrons de plus que l'IL-21 augmente 
l'ADCC, les fonctions sécrétrices et cytotoxiques ainsi que la viabilité des cellules NK 
provenant de patients chroniquement infectés par le VIH-1. De plus, cette cytokine 
semble présenter ces effets sans augmenter en contrepartie la réplication du VIH-1. Elle 
permet donc d'inhiber la réplication virale lors de co-cultures autologues de cellules NK 
avec des cellules T CD4+ infectées d'une manière dépendante à l'expression de perforine 
et à l'utilisation de la protéine LFA-1. Les niveaux d’IL-21 pourraient donc servir de 
marqueurs biologiques pour accompagner les informations sur le taux de cellules T 
CD4+ circulantes en nous donnant des informations sur l’état de fonctionnalité de ce 
compartiment cellulaire. De plus, ces résultats suggèrent l’utilisation de cette cytokine 
en tant qu’agent immunothérapeutique pour restaurer les niveaux normaux d’IL-21 et 
augmenter la réponse antivirale chez les patients infectés par le VIH-1. 
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Abstract 
 
The proliferation, differentiation, function and maintenance of immune cells is 
controlled in large part by cytokines. HIV-induced dysfunctions of the antiviral 
immunity is in part related to defects in the cytokine network, as manifested by altered 
cytokine secretion and responsiveness to these cytokines. In these studies, we 
investigated the regulation and the functions of two cytokines, IL-18 and IL-21, during 
HIV-1 infection. 
In our studies, we observed an inverse correlation between IL-18 concentrations and 
absolute numbers of various subsets of NK cells in infected persons. IL-18 caused  
increased death of a human NK cell line, as well as of primary human NK cells in vitro. 
The IL-18-mediated cell death was dependent upon Fas-FasL interactions and TNF- 
secretion. IL-18 induced the expression of  TNF-,  induced the expression of FasL on 
NK cells, increased the transcription from the human FasL promoter, reduced  the 
expression of Bcl-XL in NK cells, and increased their sensitivity to FasL-mediated cell 
death. In contrast to IL-18 levels, IL-18BP levels decreased in the serum of HIV-
infected patients. This decrease resulted in enhanced levels of free IL-18 in the serum of 
such patients. The infection increased production of IL-18 but decreased that of IL-18BP 
in monocyte-derived macrophages (MDM). Furthermore, IL-10 and TGF-β, two 
cytokines for which concentrations are increased in HIV-infected persons, also 
decreased production of IL-18BP by human MDM. Finally, recombinant human IL-18 
enhanced HIV-1 replication in human CD4+ T cells. The uncoordinated production of 
these two cytokines represents an imbalance between these two soluble factors in HIV-
infected patients. Our study shows that enhanced IL-18 bioactivity in HIV-infected 
patients may contribute to the pathogenesis of AIDS by disrupting NK cell homoeostasis 
and increasing viral replication. This uncoordinated production of IL-18 and IL-18BP 
contribute to IL-18-induced immunopathology and pathogenesis in HIV-infected AIDS 
patients. Therefore, these studies suggest  that the neutralization of IL-18 may represent 
an appropriate and useful immunotherapeutic strategy in these patients. It may delay 
AIDS progression and improve the immune status of infected persons. The best way to 
achieve this goal may be using exogenous interleukin-18 binding protein.  
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IL-21 is a relatively newly discovered immune enhancing cytokine, which plays an 
essential role in controlling chronic viral infections. Therefore, we sought to determine 
the dynamics of the cytokine production and its potential consequences on the viability 
of CD4+ T cells in HIV-infected persons. We show here that the cytokine production is 
compromised early in the course of the infection. The serum cytokine concentrations 
correlated with CD4+ T cell counts in the infected persons. Among different groups of 
HIV-infected persons, only Elite Controllers maintain normal production of the 
cytokine. The HAART partially restores production of this cytokine. Interestingly, HIV-
1 infection of human PBMC as well as of purified CD4+ T cells inhibits the production 
of the cytokine by decreasing the expression of c-Maf, a transcription factor involved in 
the activation of the cytokine gene, in the virus-infected cells but not in uninfected 
bystander cells. We also show that the frequencies of IL-21 producing HIV-specific 
antigen experienced CD4+ T cells are decreased in HIV-infected viremic patients. 
Furthermore, we show that recombinant human IL-21 acts as pro-survival factor and 
prevents enhanced spontaneous apoptosis of ex vivo cultured CD4+ T cells from HIV-
infected patients and that increased serum levels of the cytokine are associated with 
higher frequencies as well as with better functions of HIV-specific CTL in HIV-infected 
individuals. We show that the cytokine receptors are expressed equally on all NK cell 
subsets. We demonstrate that the cytokine activates STAT-3, MAPK and Akt to enhance 
NK cell functions. IL-21 increases expression of anti-apoptotic proteins Bcl-2 and Bcl-
XL, and enhances viability of NK cells, but has no effect on their proliferation. We 
further show that the cytokine enhances HIV-specific ADCC, secretory and cytotoxic 
functions as well as viability of NK cells from HIV-infected persons. Furthermore, it 
exerts its biological effects on NK cells with minimal enhancement of HIV-1 replication, 
and the cytokine-activated NK cells inhibit viral replication in co-cultured HIV-infected 
autologous CD4+ T cells in a perforin- and LFA-1-dependent manner. These studies 
suggest that serum IL-21 concentrations may serve as useful biomarker to accompany 
CD4+ T cell counts for monitoring HIV-1 disease progression and the fitness of the 
antiviral immunity. Furthermore, the cytokine may be considered for immunotherapy in 
HIV-infected patients in order to restore the physiological levels of the cytokine and 
promote their antiviral immunity. 
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Abréviations 
 
ADCC  Antibody-Dependent Cellular Cytotoxicity 
ADNc   Acide Desoxy-Ribonucléique complémentaire 
AICD   Activation-Induced Cell Death 
AID   Activation-Induced Cytidine Deaminase 
ARN   Acide Ribonucléique 
ARNm  Acide Ribonucléique messagé 
ART   Antiretroviral Therapy 
BCR   B Cell Receptor 
CMH   Complexe Majeur d’Histocompatibilité 
CD   Cellule Dendritique 
CRFs   Circulating Recombinant Forms 
CTS   Central Terminaison Sequence 
LTC   Lymphocyte T Cytotoxique 
Env   Envelope 
Gag   Group Antigen 
GM-CSF  Granulocyte-Macrophage Colony Stimulating Factor  
HAART  Highly Active Anti-Retroviral Therapy 
HCMV  Human Cytomegalovirus 
HTLV   Human T-Cell Leukemia Virus 
ICE   IL-1β-Converting Enzyme 
ICOS   Inducible Costimulatory Molecule 
IL   Interleukine  
IL-18BP  Inteleukin-18 Binding Protein 
INF   Interféron  
KIR   Killer-cell Immunoglobuline-like Receptors 
LAV   Lymphadenopathy-Associated Virus 
LCMV  Lymphocytic Choriomeningitis Virus 
LPS   Lipopolysaccharide 
LTNP   Long Term Non Progressors 
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LTR   Long Terminal Repeat 
MIP   Macrophage Inflammatory Protein 
NCR   Natural Cytotoxicity Receptors 
Nef   Negative Factor 
NK   Natural Killer 
NKT   Natural Killer T cells 
PBMC  Peripheral Blood Mononuclear Cells 
PHA   Phytohemaglutinine 
Pol   Polymerase 
PPT   Polypurine Tract 
Rev   Regulator of viral gene expression 
RRE   Rev Responsive Element 
SOCS   Suppressor of Cytokine Signaling 
SCF   Stem Cell Factor 
SIDA   Syndrome d’Immunodéficience Acquise 
Tat   Transcriptional activator 
TAR   Trans-Activation Responsive Region 
TCR   T Cell Receptor 
TLR   Toll-like Receptor 
Th1   Lymphocyte T helper de type 1 
Th2                             Lymphocyte T helper de type 2 
Th17   Lymphocyte T helper de type 17 
TGF   Transforming Growth Factor 
TNF   Tumor Necrosis Factor 
TRAIL  TNF-Related Apoptosis-Induced Ligand 
Trég   Cellules T régulatrices 
VIH   Virus de l’Immunodéficience Humaine 
VIS   Virus de l’Immunodéficience Simienne 
Vif   Viral Infectivity Factor 
Vpr   Viral protein R 
Vpu   Viral protein U
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1- Virus de l’Immunodéficience Humaine (VIH)   
 
1-1 SIDA et VIH          
                                                                                            
1-1-1 Découverte des virus de l’immunodéficience 
 
Les premiers cas de ce que l’on appelera plus tard le Syndrome d’Immuno-
Déficience Acquise ou SIDA ont été décrits en 1981 chez 4 hommes homosexuels de 
Los Angeles [1]. Ces hommes présentaient un tableau clinique particulièrement sévère, 
associant une immunodéficience à de multiples infections virales et bactériennes. L’un 
de ces patients présentait un sarcome de Kaposi, maladie extrêmement rare et n’étant 
décrite à l’époque que chez des sujets âgés. Ce syndrome d’immunodéficience létal fut 
par la suite décrit dans d’autres villes américaines puis dans diverses régions du monde 
et, dès 1983, on a parlé d’épidémie [1, 2]. Cette même année, un rétrovirus fut isolé dans 
les ganglions lymphatiques de patients présentant les signes précurseurs du SIDA ou 
ayant développé un SIDA. Ce rétrovirus fut identifié comme étant l’agent causatif de ce 
syndrôme. Ce virus, apparenté aux Virus de Leucémie à Cellules T humaines (ou 
HTLV) fut dénommé LAV (pour Lymphadenopathy-Associated Virus [3]) ou HTLV-III 
[4], pour être finalement renommé Virus de l’Immunodéficience Humaine, ou VIH [5]. 
Quelques années plus tard, un nouveau rétrovirus fut isolé chez des patients présentant 
les signes cliniques du SIDA tout en ayant une sérologie VIH négative [6]. Ce virus, de 
structure et d’organisation génétique extrêmement proches de ceux du VIH, mais 
présentant une divergence de sérologie fut nommé VIH-2, tandis que le prototype initial 
pris la dénomination VIH-1. Par la suite, des virus apparentés aux VIH-1 et 2 ont été 
isolés chez des primates non-humains. Le premier rétrovirus simien fut isolé en 1985 
dans une colonie de macaques au centre de primatologie de Nouvelle-Angleterre (États-
Unis). Chez ces animaux, des symptômes analogues à ceux du SIDA humain firent 
soupçonner une infection rétrovirale. Ce tableau clinique fut rapidement associé à 
l’infection par un lentivirus nommé VISmac (pour Virus de l’Immunodéficience 
Simienne du macaque) [7]. Depuis lors, d’autres VIS ont été isolés chez différentes 
espèces de singes (voir classification au chapitre 1-3). 
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1-1-2 Pathogénèse associée aux VIH 
 
 Le SIDA mérite bien la dénomination de pandémie, désignant une épidémie qui 
se développe sur une large superficie en affectant une proportion importante de la 
population. Selon l’Organisation Mondiale de la Santé (OMS), le SIDA a, depuis son 
apparition, infecté plus de 47 millions d’individus, tué 22 millions de personnes et est 
devenu la quatrième cause de mortalité dans le monde. Plus de 95% des cas d’infection 
et de mortalité dus à l’infection par le VIH ont lieu dans des pays émergents. La grande 
majorité des souches responsables de la pandémie sont des isolats VIH-1, tandis que le 
VIH-2 n’est prévalent qu’en Afrique australe. L’évolution de l’infection par VIH-1 est 
typique des lentivirus [8] et peut être divisée en trois étapes (Figure 1) : 
 
- La primo-infection : Elle peut être asymptomatique ou présenter des symptômes 
pseudogrippaux. Elle dure quelques semaines et se caractérise par une réplication 
intense du virus dans les organes lymphoïdes secondaires ainsi qu’une diminution du 
nombre de cellules T CD4+ circulantes. 
 
- La phase de latence clinique ou asymptomatique : Cette phase correspond à une 
activation de l’immunité humorale et cellulaire, particulièrement celle médiée par les 
cellules T CD8+ cytotoxiques suite à la primo-infection. Cette réponse immunitaire 
permet de contrôler partiellement la réplication virale, aboutissant à une baisse sensible 
de la virémie. Un équilibre s’instaure alors entre le taux de réplication virale et la 
mortalité des lymphocytes T CD4+, équilibre maintenu pendant plusieurs années, la 
durée variant en fonction de l’individu et de la souche virale. Le taux de réplication 
virale pendant cette phase est estimée à 109 à 1010 virons produits par jour [9-11], tandis 
que le taux quotidien de renouvellement des lymphocytes T CD4+ est de de l’ordre de 
2.109 [12, 13]. 
 
- Le stade SIDA : Cette phase correspond à une chute du nombre de lymphocytes T 
CD4+ circulants, parallèllement à une hausse importante de la virémie. C’est pendant 
cette phase d’immunodéficience sévère qu’apparaissent des maladies opportunistes,    
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comme des pneumocystoses, des toxoplasmoses, pouvant être associées à des désordres 
neurologiques et/ou à des tumeurs comme le sarcome de Kaposi.  
 
 
1-2 Diversité des virus d’immunodéficience 
 
 Les virus de l’immunodéficience humaine et simienne appartiennent à la famille 
des retroviridae et du genre lentivirus. Les rétrovirus se caractérisent  par un génome 
composé de 2 copies d’ARN de polarité positive, rétro-transcrit suite à l’entrée dans la 
cellule cible grâce à une ADN polymérase virale, la transcriptase inverse. Au sein de 
cette famille, le genre lentivirus se distingue des autres rétrovirus par une organisation 
génomique complexe et par leur capacité à provoquer une infection persistante chez 
leurs hôtes.  
Outre le VIH-1, le VIH-2 et le VIS, les lentivirus comptent les virus de 
l’immunodéficience féline (VIF) et bovine (VIB), ainsi que le virus Visna-Maedi chez le 
mouton, le virus de l’arthrite encéphalitique caprine (VAEC) et le virus de l’anémie 
infectieuse équine (VAIE).  
Les VIS sont classés selon la nature de leur hôte naturel, chaque VIS étant dénommé 
selon l’espèce de singe chez laquelle il a été isolé. On distingue ainsi les virus infectant 
les macaques (VISmac), les singes verts africains (VISagm), les sootey mangabeys 
(VISsm), les mandrilles (VISmnd), les sytes (VISsyt) et les chimpanzés (VIScpz) [14]. 
Les isoltas VIH-1 et VIH-2 sont eux aussi classés sur la base de leur organisation 
génomique et de leur proximité phylogénétique, respectivement en groupes et sous-types 
pour le VIH-1 et en sous-types pour le VIH-2. Ainsi, on compte 6 sous-types de VIH-2, 
notés de A à F, tandis que les souches de VIH-1 sont classées en trois grand groupes 
distincts : M, N et O. 
La grande majorité des souches responsables de la pandémie appartient au groupe M 
(pour “Major” ou “Main”) dans lequel l’analyse phylogénétique a permis d’identifier 
plusieurs sous-types. On dénombre actuellement 11 sous-types désignés de A à D, de F à 
H, J et K [15]. Les sous-types initialement désignés E et I ont été renommés 
respectivement CRF01-AE et CRF04-Cpx (CRF pour “Circulating Recombinant Form”, 
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ou Forme Circulante Recombinante), leur génome étant issu de recombinaisons 
génétiques entre virus de différents sous-types. 
Les isolats du groupe O (pour “Outlier”) ont été décrits pour la première fois en 1990 
[16] et sont très divergents du groupe M [17-19], notamment dans le gène d’enveloppe. 
Les virus du groupe O sont endémiques au Cameroun et dans les pays avoisinants mais, 
même dans cette région, ils restent très minoritaires. 
Le groupe N (pour “New” ou “Non-M, Non-O”) n’est représenté jusqu’à présent que par 
deux isolats de patients camerounais [20]. 
Cette classification reflète l’une des caractéristiques majeures des rétrovirus, à savoir 
leur très grande variabilité génétique. Cette variabilité est surtout due à la nature même 
de leur mode de réplication, fondé sur la transcription inverse. En effet, la transcriptase 
inverse est dépourvue d’activité exonucléase 3’-5’ et réalise un taux d’erreur estimé à 
10-4 à 10-5 par nucléotide incorporé [21]. A cette grande infidélité de la transcriptase 
inverse s’ajoutent le taux élevé de réplication virale chez les individus infectés [12] ainsi 
que la fréquence des événements de recombinaisons génétiques entre les génomes 
d’isolats distincts au sein d’un même individu [22]. 
 
 
1-3 Origine des VIH 
 
 Depuis leur découverte en 1981, la question de l’origine des VIH a fait l’objet de 
nombreuses contreverses. L’hypothèse d’une origine simienne fut rapidement favorisée 
dû à l’identification dès 1985 d’un rétrovirus phylogénétiquement proche du VIH-1 (le 
seul connu à cette époque), responsable d’un SIDA chez les singes macaques en 
captivité [7, 23, 24]. Ce virus portera plus tard la dénomination de VISmac. 
Les données phylogénétiques, considérablement accrues depuis lors, ont permis de 
démontrer que les virus d’immunodéficiences sont entrés dans la population humaine 
lors de multiples infections inter-espèces (ou zoonoses) par des primates non-humains 
infectés par un VIS. Les souches de VIH transmises par des chimpanzés infectés par le 
VIScpz corespondent au VIH-1 tandis que celles transmises par les sooty mangabeys 
(VISsm) ont donné naissance au VIH-2 [14]. 
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Figure 1. Évolution sommaire du système immunitaire de la primo-infection  au 
stade du SIDA 
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Ces données ont également permis d’estimer la date de ces transmissions inter-espèces. 
La souche de VIH la plus ancienne identifiée à ce jour correspond à un virus isolé à 
partir d’un échantillon de plasma d’origine africaine datant de 1959 [25]. Le 
positionnement de cet isolat dans l’arbre phylogénétique des virus d’immunoféficience 
de primates, au côté des sous-types B et D du groupe M de VIH-1, a permis d’estimer le 
début de la diversification entre les différents isolats du VIH-1 du groupe M entre 1915 
et 1941. Cette estimation de la date d’apparition du premier ancêtre commun aux isolats 
VIH-1 du groupe M ne fournit pas de renseignements directs sur la date de transmission 
du virus entre chimpanzés et hommes. Selon les hypothèses, l’époque d’apparition de 
cette zoonose peut être estimée entre le début du XIXème siècle et 1930 [26, 27]. 
 
 
1-4 Le VIH : Structure et génome 
 
1-4-1 Organisation génique 
 
 Le génome de l’isolat VIH-1 LAV initialement découvert en 1983 [3] a été cloné 
[28, 29] et séquencé, révélant un génome d’environ 9200 paires de bases (Figure 2). 
Comme tous les rétrovirus, le génome du VIH est constitué de 2 molécules d’ARN 
simple brin de polarité positive codant pour 3 gènes principaux : 
 
- gag (pour “group antigen”), qui code pour les protéines de matrice (MA), de 
capside (CA) et  de nucléocapside (NC). 
- pol (pour “polymerase”), qui code pour les 3 enzymes virales que sont l’intégrase 
(INT), la protéase (PRO) et la transcriptase inverse (RT). 
- env (pour “envelope”), qui code pour les glycoprotéines d’enveloppe virales 
(Env), constituées des sous-unités de surface (gp120 ou SU) et transmembranaire 
(gp41 ou TM). 
   
Outre ces trois gènes principaux, caractéristiques des rétrovirus, les virus du genre 
lentivirus codent pour d’autres gènes appelés auxiliaires, bien que leur expression soit 
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essentielle au processus réplicatif [30, 31]. Ces gènes supplémentaires présents chez les 
lentivirus sont au nombre de 4 : tat. nef, vif et rev. A ces 7 gènes s’ajoutent vpu, présent 
chez le VIH-1 et le VIScpz, vpx, codé par le VIH-2, le VISsm, le VISmac et le VISagm 
et enfin vpr, codé par tous les lentivirus de primates, à l’exception de VISagm (Figure 
2). Ce génome est encadré par des régions non-codantes qui donneront naissance, lors de 
l’étape de transcription inverse, à des séquences de même orientation, nommées LTR 
(pour “Long Terminal Repeat”, voir chapitre 1-5-2 et 1-5-3). 
 
 
1-4-2 Structure de la particule virale 
 
 Les particules du VIH apparaissent en microscopie électronique comme des 
structures sphériques d’environ 110 nm de diamètre. Les 2 molécules d’ARN constituant 
le génome viral sont associées à la protéine de nucléocapside. Ce complexe ARN / NC, 
ainsi que les 3 enzymes virales INT, PRO et RT sont contenus dans une capside 
constituée de la protéine CA. Cet ensemble, nommé core, constitue une structure 
conique et dense aux électrons dans les particules matures et infectieuses (Figure 3). Ce 
core est cerclé de protéines de matrice, elles-mêmes recouvertes d’une membrane de 
nature lipidique, issue de la membrane plasmique de la cellule infectée. Les 
glycoprotéines d’enveloppe sont ancrées dans cette bicouche lipidique, via la sous-unité 
transmembranaire gp41, associée à la gp120 par des liaisons non-covalentes. La stabilité 
de cette interaction est plus ou moins forte selon les isolats et la rupture de cette liaison, 
provoquant la perte de la sous-unités gp120, aboutit à une perte d’infectiosité [32]. 
Outre les composants principaux décrits, il a été montré que les virions renfermaient 
également les protéines Nef [33], Vpr [34], Vif [35] ainsi que des protéines cellulaires 
issues du cytosquelette de la cellule infectée [36]. A la surface des particules virales, des 
protéines d’origine cellulaire ont également été identifiées, comme les molécules du 
complexe majeur d’histocompatibilité (CMH) [37], la cyclophiline A [38, 39] ainsi que 
d’autres protéines. 
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Figure 2. Organisation génomique des lentivirus de primates 
 
L’organisation génomique des principaux représentants de virus d’immunodéficience de 
primates est représentée. Le génome d’un rétrovirus simple, MLV (Murine Leukemia 
Virus) est également indiqué à titre de comparaison. Les différents gènes sont 
représentés dans les 3 cadres de lecture et chaque génome est encadré par des LTR 5’ et 
LTR 3’. 
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Figure 3. Structure et composition du VIH 
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1-5 Cycle réplicatif du VIH 
 
Les principales étapes du cycle réplicatif du VIH qui seront abordées dans ce 
chapitre sont représentées schématiquement sur la Figure 4. 
 
  1-5-1 L’entrée virale 
 
Le processus d’attachement et d’entrée du VIH dans les cellules cibles est un 
processus complexe, qui a fait l’objet de très nombreuses études ces vingt-cinq dernières 
années. Le VIH est sans nul doute le virus dont le mécanisme d’entrée a été le plus 
éudié. Malgré cette recherche intensive, des interrogations persistent. Sommairement, 
c’est la glycoprotéine extérieure d’enveloppe, la gp120, qui est responsable de 
l’attachement des particules virales à la surface des cellules cibles, en interagissant avec 
des récepteurs (CD4) et co-récepteurs cellulaires (CCR5, CXCR4 et CCR2 
principalement). Ces interactions conduisent à un remaniement conformationnel des 
glycoprotéines d’enveloppe, conduisant au démasquage d’une région hydrophobe de la 
gp41 dit “peptide de fusion”. C’est l’ancrage de ce peptide dans la membrane plasmique 
de la cellule qui aboutit à la fusion des membranes virales et cellulaires, permettant la 
libération du core viral dans le cytoplasme. Ainsi, le processus d’entrée du VIH, 
contrairement à celui de la plupart des virus enveloppés, est indépendant du pH [40, 41]. 
 
 
1-5-2 La transcription inverse et l’intégration 
  
La transcription inverse est l’étape du cycle viral qui permet la synthèse d’un 
génome viral constitué d’ADN double-brin, nommé provirus, susceptible de s’intégrer 
au génome cellulaire, à partir des deux copies d’ARN simple-brin introduites dans le 
cytoplasme de la cellule infectée. Après l’étape d’entrée, le core viral subit une 
déstructuration partielle, selon un mécanisme mal caractérisé, conduisant notamment au 
relargage des protéines de capside CA et à une réorganisation des protéines de matrice 
MA autour du complexe ribonucléoprotéique [42]. Ce processus de “déshabillage” de 
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l’ARN viral permet notamment l’accés des désoxyribonucléotides triphosphates 
(dNTPs) cellulaires et la constitution du complexe de transcription inverse. Si la nature 
exacte de ce complexe nucléoprotéique est encore mal connue, le mécanisme de la 
réaction de transcription inverse, élucidé dans des systèmes acellulaires, est connu pour 
ne nécessiter que 4 constituants : 
 
- La matrice, constituée des 2 copies d’ARN viral simple brin. 
- L’amorce, constituée d’ARNtlys d’origine cellulaire et apportée par le virion. 
- La RT virale, qui possède les deux activités essentielles à la réaction, 
transcriptase inverse et RNAse H. 
- Des dNTPs, fournis par la cellule hôte. 
 
Dans la cellule infectée, les microfilaments d’actine sont associés au complexe de 
transcription inverse, suggérant un rôle du cytosquelette cellulaire dans l’organisation de 
ce complexe [43].  
La synthèse du premier brin d’ADN (brin négatif) par la transcriptase inverse est 
amorcée par l’ARNtlys, associé à l’extrémité 5’ de l’ARN viral, en bordure 3’ de la 
région U5. Après avoir parcouru l’extrémité 5’ de l’ARN, la transcriptase inverse 
poursuit la synthèse du brin ADN- à l’extrémité opposée de l’ARN viral. Ce premier 
“saut de brin” est à l’origine de la synthèse des LTR du provirus. Au cours de cette 
synthèse, l’activité RNAse H de la RT dégrade l’ARN de l’hybride ARN-ADN ainsi 
formé. La synthèse du deuxième brin d’ADN (positif) est initiée à partir d’amorces 
constituées de motifs riches en résidus purines nommés “polypurine tracts” (PPT). Ces 
motifs sont au nombre de 2, l’un en bordure de la région U3 du LTR 3’ et l’autre, au 
centre du génome, nommé cPPT. La synthèse du deuxième brin d’ADN à partir de ces 
deux amorces nécessite un deuxième “saut de brin” et conduit à la formation de deux 
segments de taille identique, partiellement chevauchant. Ce court chevauchement de 
brins, nommé triplex central, est dû à un déplacement par la transcriptase inverse des 
100 premiers nucléotides du brin d’ADN synthétisé à partir du cPPT [44]. Sa longueur 
est définie par la présence d’une séquence de terminaison de la transcription inverse 
dénommée CTS (pour “Central Terminaison Sequence”).  
12  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                   (Furtado et al. New Engl J Med.1999 ) 
 
 
Figure 4. Cycle de réplication du VIH dans les cellules T CD4+ 
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Ce triplex central, de structure très particulière, a été caractérisé  comme un élément 
primordial de l’étape ultérieure de la transcription inverse soit l’import nucléaire [45]. 
Les lentivirus, contrairement aux autres rétrovirus, sont capables d’infecter des cellules 
quiescentes grâce à un processus d’import nucléaire indépendant de la mitose. Le 
passage à travers les pores nucléaires du complexe d’intégration, qui mesure 
approximativement la taille d’un ribosome, avec une masse de plusieurs millions de 
daltons, nécessite l’intervention de transporteurs [42]. Outre le triplex central, d’autres 
éléments semblent contribuer à ce mécanisme d’import et notamment la présence de 
sites d’adressage nucléaire dans les constituants du complexe de pré-intégration que sont 
les protéines Vpr , INT et MA [46-48]. 
L’intégration du génome ADN du VIH dans le génome cellulaire n’est pas spécifique 
d’un site précis. Elle met en jeu une molécule d’ADN double-brin linéaire, flanquée des 
deux LTR. Ses extrémités sont porteuses de séquences inversées répétées de 4 
nucléotides reconnues spécifiquement par l’intégrase. Cette enzyme catalyse le clivage 
des deux derniers nucléotides 3’ de chacun des deux brins ainsi que le clivage de l’ADN 
cellulaire en formant des extrémités cohésives 5’ sortantes de 4 nucléotides. C’est une 
ligase cellulaire qui intervient pour joindre les 2 génomes. Le bilan de cette étape 
d’intégration est la suppression de 2 nucléotides à chaque extrémité de l’ADN viral et la 
duplication de 4 nucléotides de l’ADN cellulaire de part et d’autre du provirus intégré. 
 
 
  1-5-3 L’expression du génome 
  
Une fois intégré dans le génome cellulaire, l’ADN proviral est transcrit. Les 9 
gènes du VIH sont encadrés par les LTR, décomposés en 3 régions : U3, U5 (pour 
“Untranslated regions” 3’ et 5’) et R. Les LTR 5’ et 3’ étant orientés de façon identique 
(U3-R-U5), c’est leur position qui définit leur rôle [49]. 
- La transcription est initiée entre les régions U3 et R du LTR 5’. C’est la région U3 qui 
contient le promoteur de la transcription, composé de 3 domaines : le core, le domaine 
activateur (ou “enhancer”) et le domaine modulateur. Le core contient les sites de 
fixation des facteurs de transcription comme la TATA-binding protein (TBP) ou SP-1. 
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Le domaine activateur est constitué de sites de fixation pour NF-B. Enfin, le domaine 
modulateur contient des sites de fixation pour divers facteurs cellulaires comme AP-1, 
NFAT-1, USF-1, Ets-1,  et LEF. 
 
- La frontière entre les régions R et U5 du LTR 3’ définit l’extrémité 3’ de tous les 
transcrits viraux, la région R constituant le site de polyadénylation des ARN. 
L’expression du génome du VIH est complexe. Les 14 protéines virales sont traduites 
sur les 3 phases de lecture et sont exprimées grâce à des mécanismes d’épissage 
alternatif, de décalage du cadre de lecture et de maturation de précurseurs 
polyprotéiques. On peut décomposer la transcription du génome en 2 étapes, précoce et 
tardive: 
 
- Durant la phase de transcription précoce, il y a tout d’abord synthèse d’ARN messagers 
doublement épissés codant pour Tat, Rev et Nef. C’est l’accumulation des protéines Tat 
et Rev qui va permettre la transcription des gènes de structure, lors de la phase tardive. 
En effet, Tat va trans-activer la transcritpion, en se fixant à un motif ARN en épingle à 
cheveux codé par la région R du LTR 5’ et désignée TAR (pour “Trans-Activation 
Responsive Region”). La protéine Rev permet elle la stabilisation et l’export 
cytoplasmique des ARN messagés longs, mono- ou non-épissés, en reconnaissant une 
séquence située dans le gène env nommée RRE (pour “Rev Responsive Element”). 
 
- La phase tardive correspond donc à la formation des transcrits viraux longs, mono-
épissés (vpu-env, vif et vpr) ou non-épissés (gag-pol). Les gènes gag et pol étant 
chevauchants, la traduction des transcrits non-épissés fait appel à un mécanisme original. 
Les transcrits sont traduits en un précurseur polyprotéique gag de 55 kDa, comprenant 
les protéines MA, CA et NC. Un événement de traduction sur 20 conduit à un décalage 
du cadre de lecture de -1, permettant la synthèse d’un précurseur gag-pol de 200 kDa. Ce 
mécanisme permet de moduler la stœchiométrie des protéines synthétisées, les protéines 
issues du gène pol et du gène gag étant ainsi produites dans une proportion de 1 pour 20. 
Le précurseur de 160 kDa des glycoprotéines d’enveloppe est quant à lui issu de 
l’épissage d’un transcrit commun à env et vpu.  
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1-5-4 L’assemblage et le bourgeonnement 
 
 L’assemblage des différents constituants des particules du VIH est une étape 
complexe du cycle de réplication, par laquelle les protéines, précurseurs de protéines et 
ARN viraux empruntent des voies d’acheminement différentes pour converger au niveau 
de la membrane plasmique où ils vont s’assembler de façon coordonnée [50]. 
Les produits du gène gag, c’est à dire les précurseurs polyprotéiques gag et gag-pol, 
traduits au niveau des polyribosomes libres, sont transportés directement à la membrane 
plasmique où a lieu leur auto-assemblage symétrique en une structure capsidique. Le 
mécanisme par lequel ces polyprotéines sont adressées sur le site d’assemblage est pour 
la plupart inconnu. On connaît en revanche l’implication du domaine MA dans ce 
processus d’adressage, de par la présence de sites de myristylation. 
Durant l’assemblage des précurseurs gag et gag-pol, les molécules d’ARN génomiques, 
non-épissées, sont dimérisées et encapsidées par l’intermédiaire d’une séquence 
d’encapsidation et de dimérisation nommée “psi”, située entre le LTR 5’ et le cadre de 
lecture gag. C’est le domaine NC des précurseurs gag qui reconnaît cette séquence et 
permet l’encapsidation du génome viral. 
Les précurseurs d’enveloppe gp160 sont quant à eux acheminés à la membrane 
plasmique par les voies classiques de sécrétion des protéines cellulaires. C’est durant ce 
cheminement que ces précurseurs seront clivés en deux sous-unités, gp41 et gp120 et 
que cette dernière sera glycosylée. Si la présence des glycoprotéines d’enveloppe n’est 
pas nécessaire à l’encapsidation, et au relargage des particules virales, leur présence à la 
surface des virus est indispensable pour leur conférer leur infectiosité. L’incorporation 
préférentielle des glycoprotéines d’enveloppe dans les virions en formation et 
l’exclusion de certaines protéines cellulaires sont encore partiellement inexpliquées. 
Elles serait notamment dues à des interactions entre le domaine MA des précurseurs gag 
et la sous-unités TM des glycoprotéines d’enveloppe. L’expression des glycoprotéines 
d’enveloppe virales à la surface des cellules infectés est responsable de leur capacité de 
fusion avec des cellules exprimant les récepteurs du VIH, aboutissant à la formation de 
cellules géantes, multinucléées nommées syncitia [51, 52]. 
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Le bourgeonnement de la membrane plasmique s’effectue progressivement, 
parallèlement à l’assemblage progressif des constituants viraux. Pour effectuer cette 
extrusion, les précurseurs gag doivent interagir avec la bicouche lipidique. Les motifs 
miristylés du domaine MA seraient responsables de cette interaction, suite à un 
changement de conformation des précurseurs de capside. Une fois l’assemblage achevé, 
la dernière étape requise au relargage des particules virales consiste en un événement de 
fusion membranaire. Les particules ainsi libérées vont alors subir une maturation 
permettant de leur conférer leur infectiosité. Cette maturation consiste en la protéolyse 
des précurseurs gag et gag-pol, effectué par le domaine PRO, et en la réorganisation des 
protéines matures et des ARN viraux. C’est durant ce processus que se forme le core 
viral, dense aux éléctrons et que le virus devient une entité infectieuse. 
 
 
1-6 La thérapie antirétrovirale 
 
Plusieurs molécules antivirales ont été développées et approuvées depuis 
plusieurs années afin de stabiliser l’état de santé des personnes infectées. Il existe de nos 
jours six classes de médicaments utilisés dans la thérapie anti-rétrovirale qui ont pour 
unique but de stopper le virus à différentes phases de son cycle de réplication. 
Les traitements anti-rétroviraux actuels consistent en la combinaison de plusieurs 
drogues ciblant diverses enzymes virales afin d’inhiber la réplication et ainsi réduire la 
virémie et le nombre de virus mutants chez les patients [53-56].  
Bien que ces traitements permettent d’allonger l’espérance de vie des patients infectés, 
leur vie est profondément affectée par les multiples effets secondaires inhérents aux 
drogues utilisées comme la lipodystrophie ainsi que différent autres effets secondaires 
touchant différents organes. Les recherches actuelles cherchent à découvrir de nouveaux 
inhibiteurs possèdant une faible toxicité pour l’organisme. Les inhibiteurs existant 
permettent de bloquer la transcriptase inverse, la protéase, l’intégrase ainsi que 
d’empêcher le mécanisme de fusion permettant au virus d’entrer dans les cellules cibles.  
 
La transcriptase inverse utilise les désoxyribonucléotides triphosphates (dNTPs) présent 
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dans la cellule hôte pour synthétiser l’ADN viral. Des analogues de nucléotides 
triphosphorylés mais dépourvus du groupement hydroxyl en 3’ sont devenus de 
puissants anti-rétroviraux puisqu’ils provoquent la terminaison prématurée de la 
molécule d’ADN naissante. Cette classe de molécules est représentée par les NRTIs ou 
NtRTIs (Nucleoside/Nucleotide Reverse Transcriptase Inhibitors). Parmi ces analogues, 
on retrouve l’AZT et plus d’une quinzaine d’autres molécules actuellement utilisées ou 
en phase d’essai [57]. La deuxième classe d’anti-rétroviraux ciblant la RT sont les 
NNRTI (Non Nucleoside Reverse Transcriptase Inhibitors) comprenant des molécules 
utilisées en clinique et d’autres en phase d’essai. Les NNRTI sont des anti-rétroviraux 
allostériques qui inhibent la polymérisation de l’ADN viral en se fixant sur un site 
différent du site catalytique de l’enzyme [58, 59]. 
 
Les inhibiteurs de protéase sont des analogues peptidiques qui agissent en mimant une 
liaison phénylalanine-proline. En se fixant dans le site actif de la protéase, ils agissent 
comme inhibiteurs compétitifs du substrat naturel de l’enzyme [60, 61].  
 
L’intégrase est une enzyme qui permet d’intégrer l’ADN proviral au génome de l’hôte. 
Cette enzyme a rapidement constitué une cible de choix dans la mesure où elle ne 
possède pas d’équivalent chez l’homme. Il existe trois inhibiteurs d’intégrase: le 
raltégravir et l’elvitégravir, tout deux commercialisés, ainsi que le MK-2048. Le MK-
2048 est de nos jours en phase d’essai clinique de niveau II [62-65]. 
 
Le T20 (Enfuvirtide) est un inhibiteur de fusion peptidique. Le T20 se fixe sur la 
protéine gp41 et l’empêche de remplir sa fonction de fusion entre les membranes virales 
et cellulaires. Utilisé en injection sous-cutanée, le T20 assure une forte réduction de la 
charge virale [66, 67]. Le T20 a obtenu l’autorisation de mise sur le marché aux États-
Unis en mars 2003 et est utilisé en combinaison avec d’autres anti-rétroviraux.  
 
De nos jours, le traitement communément appelé "Highly Active Antiretroviral Therapy" 
(HAART) se donne en combinant trois médicaments contenant deux classes différentes 
d’agents anti-rétroviraux incluant au moins un inhibiteur de protéase. Ce traitement est 
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très efficace dans l’inhibition de la réplication virale [68]. Il restaure partiellement 
l’immunocompétence des patients et, par conséquent, ralentit la progression de 
l’infection vers le stade SIDA [68]. Il a des effets bénéfiques directs sur les différents 
paramètres du système immunitaire qu’ils soient inné ou adaptatif. Cette thérapie a 
permis au SIDA de devenir une infection chronique plus contrôlable. Cependant, il est 
très difficile de se conformer à la stringence de ce régime, ce qui résulte sur l’émergence 
de souches résistantes à ces médicaments [69].  
 
 
1-7 Développement d’un vaccin 
 
Aucun vaccin prophylactique efficace existe à ce jour pour cette infection. Les 
progrès dans le développement d’un vaccin sont très lents. Ceci étant dû à une grande 
capacité de mutation du virus aboutissant à une variation dans les souches virales sur la 
planète ainsi que la capacité du virus à échapper à la réponse immunitaire de l’hôte. 
Plusieurs concepts et stratégies vaccinales se poursuivent bien que les différents essais 
n’aient démontré jusqu’à présent aucune protection contre le virus chez les patients 
infectés [70].  
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2- L’interleukine-21 (IL-21) 
 
 La réponse immune à des corps étrangers est constituée de deux bras principaux 
qui sont l’immunité innée et l’immunité acquise ou adaptative. Ces deux réponses 
interagissent de façon coordonée dans l’organisme. Les composantes cellulaires de la 
réponse immune innée incluent les cellules dendritiques (CD), les cellules Natural Killer 
(NK), les macrophages et les granulocytes. Un des phénomènes clés du système 
immunitaire inné est la production de cytokines qui peuvent réguler la réponse 
immunitaire acquise médiée par les lymphocytes T et B. Ceci permettra le 
développement des réponses effectrices qui seront spécifiques à un antigène. Les 
cytokines produites par le système immunitaire inné, comme celles produites par les 
cellules T activées, vont donc permettre à la réponse immunitaire de se développer, 
d’acquérir ses fonctions effectrices, et vont permettre de désactiver ces réponses lorsque 
les corps étrangers seront éliminés. Beaucoup d’attentions ont été portées depuis 
plusieurs décénnies à ces cytokines, tant au niveau de la compréhension de leur 
fonctionnement et leur effet régulateur du système immunitaire, que sur leur potentiel 
clinique pour le traitement de patients atteints de cancers ou d’infections par des micro-
organismes.  
La famille des cytokines de type I, qui sont constituées de 4 hélices alpha en faisceaux, 
représente l’une des famille de cytokine les plus importantes. Cette famille contient une 
sous-famille de cytokines constituée d’interleukines, dont le récepteur est couplé à une 
chaîne commune gamma (c) (Figure 5). Cette sous-famille comprend l’IL-2, l’IL-4, 
l’IL-7, l’IL-9, l’IL-15 et finalement l’IL-21, le membre de cette famille le plus 
récemment découvert [71, 72]. 
 
 
2-1 Structure et expression de l’IL-21 
 
 L’interleukine-21 (IL-21) est une cytokine relativement nouvelle qui a été 
découverte en 2000 par des scientifiques travaillant dans la compagnie Zymogenetics 
Inc. [73]. Le gène codant pour cette cytokine est situé sur le chromosome 4. L’ADNc de 
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l’IL-21 code pour un polypeptide de 155 acides aminés permettant d’obtenir une 
protéine mature ayant une masse moléculaire de 18 kDa [73]. L’IL-21 est une cytokine 
de type I qui se lie à son récepteur (IL-21R) appartenant à la famille des récepteurs de 
cytokines de classe I. Ces récepteurs forment un complexe hétérodimérique avec les 
chaînes  communes, ce qui permet une signalisation intracellulaire après liaison avec 
leurs ligands appropriés. L’IL-21 est donc similaire aux cytokines de la même famille 
qui sont l’IL-2, l’IL-4, l’IL-7, l’IL-9 et l’IL-15, au niveau de l’interaction avec son 
récepteur [71] (voir Figure 5). Récemment, la structure tridimensionelle de l’IL-21 
humaine a été résolue par spectroscopie à raisonnance magnétique nucléaire [74]. Sa 
structure correspond à une structure classique “up-up-down-down” de 4 hélices alpha en 
faisceaux. Un segment de la molécule impliquant une hélice C relativement instable est 
importante pour sa liaison au récepteur. Une stabilisation de cette région dans une IL-21 
analogue a démontré une augmentation dix fois supérieure au niveau de son activité 
biologique [74].  
Les travaux de Rahman et al. ont permis de découvrir un isoforme de l’IL-21 (IL-21iso) 
chez l’homme et la souris [75]. Cette IL-21iso serait obtenue par épissage alternatif, ce 
qui aboutirait à une IL-21 possèdant une région C-terminale différente de l’IL-21 
normale. Cependant, les deux IL-21 semblent avoir les mêmes effets biologiques 
concernant la prolifération des cellules B et des cellules T ainsi que la production d’IFN-
par les cellules NK. Ces deux cytokines activeraient de façon similaire les protéines 
STAT-1 et STAT-3.  
Une étude récente a aussi permi d’élaborer des analogues de l’IL-21 qui peuvent lier la 
chaîne  de l’IL-21R mais qui ont perdu leur affinité pour la chaîne commune . Les 
auteurs de cette étude ont prédit les résidus nécesaires permettant la liaison à la c et les 
ont mutés pour créer des IL-21 ne pouvant pas se lier à la c. Leurs études fonctionelles 
sur ces mutants ont permis de pouver leur utilisation possible en tant que cytokines 
antagonistes à l’IL-21 sauvage [76]. 
L’IL-21 est principalement produite par tous les différents sous-types de lymphocytes T 
CD4+ (voir le chapitre 2-3-2) ainsi que les cellules NKT [73, 77]. Bien que les gènes 
codant pour l’IL-21 et l’IL-2 soient adjacent, leur régulation est distincte. Ces deux 
cytokines peuvent être induites dans les cellules T CD4+ en activant le récepteur des 
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cellules T (TCR). L’IL-21 peut être induite par un signal calcique seul contrairement à 
l’IL-2 dont l’expression requiert un signal calcique associé à l’activation d’une protéine 
Kinase C [78]. La région promotrice du gène de l’IL-21 contient un site de liaison pour 
le facteur nucléaire des cellules T activées (NFAT) qui permet sa régulation [78, 79]. 
Cependant, des souris qui n’expriment pas le facteur de transcrirption NFATC2 
expriment tout de même l’IL-21, ce qui suggère l’utilisation d’autres facteurs de la 
famille NFAT ou bien d’autres facteurs de transcription pour réguler l’expression de 
cette cytokine [78]. Des études ont démontré que la perte de l’expression du facteur de 
transcription c-Maf résulte sur un défaut de la production d’IL-21 in vivo [80]. Ces 
études montrent que l’activation de la protéine ICOS (Inducible Costimulatory 
Molecule) ainsi que l’IL-6 augmentent l’expression de c-Maf dans les cellules T CD4+, 
ce qui induit l’expression de l’IL-21 [80]. Les études menées par Hiramatsu et al. 
démontrent que c-Maf se lie directement au promoteur de l’IL-21 pour permettre son 
expression [81]. De plus, ils ont démontré que le Transforming Growth Factor- (TGF-
réduit l’expression de l’IL-21 induite par c-Maf dans les cellules T CD4+ [81]. De 
façon similaire, une étude a démontré que l’IL-27, une cytokine reconnue pour générer 
des cellules T régulatrices de type 1 produisant de l’IL-10 (appelées cellules Tr1), induit 
l’expression de c-Maf, ICOS et la production d’IL-21 [82]. L’IL-27 permet donc de 
transactiver l’expression de l’IL-21 par l’intermédiaire de c-Maf. Cette IL-21 va ensuite, 
de façon autocrine, promouvoir le développement des cellules Tr1 [82]. Plusieurs études 
démontrent une régulation autocrine de l’IL-21 dans les cellules T humaines. L’IL-21 
active STAT-3 qui se lie au promoteur du gène codant pour cette dernière. Ces études 
montrent aussi que l’IL-6, aussi reconnue pour activer STAT-3, active l’expression de 
l’IL-21 alors que le TGF- inhibe sa production [83, 84]. Une étude a aussi démontré 
qu’un antigène mycobactérien (BCG) pouvait augmenter l’expression de l’IL-21 dans 
les cellules NKT de souris ou humaines, ce qui suggère une induction possible de l’IL-
21 par des systèmes moléculaires sensibles aux corps étrangers présents sur les cellules 
du système immunitaire comme les Toll-like Receptors (TLR) [85]. Une étude récente a 
d’ailleurs démontré que l’activation du TLR3 par de l’acide polyinosinic:polycytidylic 
(poly(I:C)) augmente l’expression de l’IL-21 dans les cellules T CD4+ naïves [86].  
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(Leonard et al. J Leuk Biol. 2008 ) 
 
 
Figure 5. Récepteurs des cytokines constitués d’une chaîne commune  (c) 
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2-2 Le récepteur à l’IL-21 
 
 Le récepteur à l’IL-21 (IL-21R) a été découvert en 2000 en tant que récepteur 
orphelin et a tout d’abord été appelé “NILR” pour “Novel Interleukin Receptor” [87, 88]. 
Il a été découvert par séquencage à partir d’ADN génomiques et complémentaires. Le 
gène codant pour ce récepteur se trouve immédiatement en amont du gène codant pour 
le récepteur à l’IL-4 sur le chromosome 16. Ce récepteur devient fonctionnel, comme 
c’est le cas de tous les récepteurs liant les cytokines de la même famille, lorsqu’il est 
associé à une chaîne c [89, 90]. L’IL-21 fut par la suite clonée et reconnue comme 
ligand pour ce récepteur [88]. Le domaine cytoplasmique de l’IL-21R contient 6 résidus 
tyrosines dont un en position 510 qui est phosphorylé et sert de port d’attache pour les 
protéines STAT-1 et STAT-3 (Figure 6) [91]. Des études ont aussi démontré que la voie 
des MAP kinases et celle de la PI3-kinase (PI3-K) sont impliquées dans la signalisation 
de l’IL-21 (Figure 6) [91]. La signalisation médiée par le récepteur à l’IL-21 implique la 
voie Jak-STAT comme c’est le cas de tous les membres de cette famille. Jak1 et Jak3 
sont les tyrosines kinases de la famille Janus qui sont activées par l’IL-21 [90, 92]. Cette 
cytokine peut activer les protéines STAT-1, STAT-3, STAT-5a et STAT-5b [91, 93]. 
Cependant, l’activation de la protéine STAT-5 est faible et l’activation de STAT-3 est la 
plus importante dans la signalisation médiée par l’IL-21. En effet, il y a un défaut majeur 
dans la signalisation médiée par l’IL-21 dans les cellules T si il n’y a pas d’expression 
de STAT-3 [91]. L’étude menée par Kwon et al. a démontré que la majorité des régions 
qui lient le STAT-3 activé par l’IL-21 peuvent aussi se lier à l’IRF-4 (Interferon 
Regulatory Factor-4) [94]. Leur étude montre que les gènes régulés par l’IL-21 sont 
associés à des sites liant STAT-3 en combinaison avec l’IRF-4 plutôt que la protéine 
STAT-3 seule. Cette interaction semble d’ailleurs être importante pour l’expression du 
gène Prdm1 qui code pour le facteur de transcription Blimp-1 (B lymphocyte-induced 
maturation protein-1), un facteur de transcription reconnu pour avoir un rôle clef dans 
l’homéostasie des cellules T et dans la différenciation des cellules plasmatiques. La 
liaison de STAT-3 activée par l’IL-21 sur les sites de régulation géniques est diminuée 
dans les cellules T provenant de souris KO pour l’IRF-4.  
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Figure 6. Signalisation médiée par l’IL-21 après liaison à son récepteur 
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De même, la différenciation des cellules T folliculaires par l’IL-21 est inhibée in vivo 
dans des souris KO pour l’IRF-4 [94]. 
La protéine virale Tax1 du Human T-cell Leukemia Virus type 1 (HTLV-1) transactive 
les gènes codant pour l’IL-21 et le récepteur à l’IL-21 (IL-21R) dans les cellules T [95]. 
Leur étude a permis de découvrir deux éléments de réponses à Tax1 dans les promoteurs 
de ces deux gènes. Leurs analyses ont révélé que les facteurs de transcriptions AP-1 
(Activating Protein-1) et NF-B (Nuclear Factor-B) lient le promoteur de l’IL-21 et 
que AP-1 et les IRF (Interferon Regulatory Factor) lient celui de l’IL-21R [95]. 
Cette étude démontre donc l’importance de la coopération entre ces deux facteurs afin de 
moduler l’activation transcriptionelle lors d’une signalisation médiée par l’IL-21. 
Une étude récente a permis de découvrir une molécule se liant à l’IL-21R nommée 
WSB-2 (WD-40 contenant des SOCS-box-2) [96]. Cette molécule se lie au niveau de la 
région intracytoplasmique du récepteur qui est située près de la membrane cellulaire. La 
sur-expression de cette molécule réduit l’expression de l’IL-21R et inhibe la 
signalisation médiée par l’IL-21. Il semble donc que cette molécule contrôle 
négativement l’expression de ce récépteur et inhibe la signalisation médiée par l’IL-21 
[96]. 
L’IL-21R est exprimé principalement par les cellules T CD4+, CD8+, les cellules B, les 
cellules dendritiques, les macrophages, les cellules NK et les kératinocytes [87, 97-101]. 
L’IL-21 possède une action pléïotropique sur différents types de cellules ayant un rôle 
dans la réponse immunitaire. L’IL-21 ne possède pas de rôle clef dans l’hématopoïèse 
bien que l’expression de l’ARN messagé codant pour l’IL-21 a été détecté dans une 
population de progéniteurs de la moelle osseuse et que l’IL-21 peut permettre 
l’expansion de ces cellules progénitrices in vivo et in vitro [102, 103]. 
L’IL-21R est fortement exprimé au niveau des cellules B qu’elles soient au repos ou 
bien activées [87, 100]. Le récépteur à l’IL-21 est exprimé à faible niveau au stade 
cellule pré-B de leur développement et persiste à ce niveau au stade transitionel T1 pour 
ensuite augmenter au second stade transitionel T2 [104]. Les cellules B folliculaires 
matures expriment de plus haut niveaux d’IL-21R que les cellules T matures [100]. Ces 
niveaux sont de plus augmentés lors d’une activation par le récepteur aux cellules B 
(BCR) ou lors d’une activation médiée par le CD40 et son ligand CD40L [105]. Les 
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cellules B marginales répondent aussi à l’IL-21 bien qu’elles aient des plus faibles 
niveaux d’expressions d’IL-21R que les cellules folliculaires [104]. Les cellules 
plasmatiques n’expriment pas de façon détectable le récepteur à l’IL-21 [105]. 
Une plus faible expression de ce récepteur est observée sur les cellules T bien qu’elle 
puisse être augmentée lors d’une stimulation du récepteur des cellules T (TCR), qui 
induit la déphosphorylation du facteur de transcription Sp1 [100, 106]. Au niveau du 
thymus, le récepteur à l’IL-21 est induit à la surface des thymocytes entre le stade 
double négatif (CD4-CD8-) et le stade double positif (CD4+CD8+) [100],  mais cette 
expression ne semble pas requise pour le développement thymique car un 
développement normal des lymphocytes T est observé chez les souris KO pour le 
récepteur à l’IL-21 [103]. 
 
 
2-3 Effets biologiques de l’IL-21 sur les cellules immunitaires 
 
2-3-1 Effet de l’IL-21 sur les cellules B 
 
L’IL-21 joue un rôle critique dans la production des immunoglobulines (Ig): 
Le rôle de l’IL-21 dans le fonctionnement des cellules B a été étudié tant au niveau in 
vitro que in vivo en utilisant des modèles de souris transgéniques pour l’IL-21 ou KO 
pour l’IL-21R (Figure 7). L’IL-21 n’est pas essentielle pour le développement des 
cellules B. Aucun défaut dans les différents sous-types de cellules B n’est observé chez 
les souris KO pour l’IL-21R tant au niveau de la moelle osseuse qu’en périphérie [103]. 
Les cellules B de souris KO pour l’IL-21R prolifèrent normalement en réponse au 
lipopolysaccharide (LPS), à un anti-CD40, ou à la combinaison d’IL-4 et d’anti-IgM 
[103]. Les souris KO pour l’IL-21R ont cependant un défaut dans la production d’IgG1 
et une augmentation des niveaux sériques d’IgE [103]. Lors d’une immunisation avec 
des antigènes dépendant des cellules T, les souris KO pour l’IL-21R ont un défaut 
majeur dans la production d’IgG1 et une augmentation majeure d’IgE spécifiques aux 
antigènes [103]. Ces résultats sont surprenant car ces deux anticorps sont régulés de 
façon coordonnée. Les niveaux élevés d’IgE chez les souris KO pour l’IL-21R sont 
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consistants avec des expériences qui démontrent que l’IL-21 injectée à des souris 
sauvages conduit au moment de l’immunisation à une réponse IgE réduite, ainsi que des 
expériences qui montrent que l’IL-21 peut réduire le niveau d’expression du transcrit 
codant pour le C résultant sur un faible switching vers la production d’IgE [107]. Des 
études in vitro ont démontré que l’IL-21 peut réguler aussi bien positivement que 
négativement la production d’IgE à partir de cellules B de sang périphérique humain et 
ceci dépendamment du contexte. L’IL-21, en combinaison avec de la 
phytohaemaglutinine (PHA) et de l’IL-4, inhibe la production d’IgE alors que l’IL-21 
associée avec des anticorps anti-CD40 et de l’IL-4 augmente la production de cette 
dernière [108]. L’étude menée par Avery et al. a démontré que cette augmentation de la 
production d’IgE dépendait du bon fonctionnement de STAT-3 [109]. Une autre étude 
menée par le même groupe a démontré que les personnes ayant des mutations qui 
inactivent la fonction de STAT-3 ont un nombre réduit de cellules B mémoires 
fonctionnelles et que leurs cellules B naïves ne peuvent plus se différencier en cellules 
plasmatiques en réponse à l’IL-21 [110]. Cependant, les personnes ayant des mutations 
dans la protéine STAT-1 possédaient des cellules B mémoires fonctionnelles et leurs 
cellules B répondaient à l’IL-21 [110]. Une autre étude démontre que l’ajout d’IL-10 et 
de cellules transfectées par le CD32 lors de cette activation des cellules B augmente 
l’expression de l’AID (Activation-Induced Cytidine Deaminase) [111]. Les mécanismes 
moléculaires précis régulant la production des Ig restent encore aujourd’hui mal connus, 
ceci étant particulièrement dû au fait que l’IL-21 peut avoir un rôle pro-apoptotique sur 
les cellules B. 
 
L’IL-21 induit l’apoptose des cellules B selon leur contexte d’activation: 
Contrairement aux autres cytokines c dépendantes, l’IL-21 peut avoir un effet pro-
apoptotique sur les cellules B (Figure 7). L’IL-21 augmente la prolifération des cellules 
B lorsqu’elle est associée à une stimulation par un anticorps anti-CD40 alors qu’elle 
l’inhibe en présence d’anti-IgM et d’IL-4 [73]. L’effet inhibiteur de l’IL-21 sur la 
prolifération des cellules B lors d’une stimulation par du LPS est en partie dû à son effet 
pro-apoptotique sur ces dernières [100, 112, 113]. Le degré d’apoptose est en relation 
avec le contexte d’activation des cellules B. Lorsque ces cellules sont activées avec des 
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signaux médiés par les Toll-Like Receptors (TLR) comme le LPS ou du CpG, l’IL-21 
induit leur apoptose [100, 112, 113]. Cependant, l’IL-21 augmente leur prolifération 
lorsqu’elles sont activées par des signaux venant du récepteur des cellules B (BCR, 
comme celui émis par un anti-IgM), ainsi que par des signaux de co-stimulation dérivés 
des cellules T (anti-CD40) [100, 112, 113]. Le signal apoptotique est caspase-dépendant. 
Cependant, l’IL-21 n’a aucun effet sur les niveaux d’expression de la protéine Bcl-2 
dans les cellules B [112, 113]. Par contre, l’IL-21 active l’ARN messager de la protéine 
pro-apoptotique Bim et réduit l’expression de Bcl-XL [100]. Des études montrent que 
Bim-1 joue un rôle clef dans cette apoptose induite par l’IL-21. Cette induction 
d’apoptose pourrait jouer sur l’effet inhibiteur de l’IL-21 dans la production d’IgE. En 
effet, la vaccination avec Mycobacterium bovis bacillus (BCG) induit la production 
d’IL-21 par les NKT V14 qui, en contre-partie, induit de façon préférentielle 
l’apoptose des cellules B exprimant des IgE par rapport aux cellules B qui expriment 
d’autres Igs [85]. Ce mécanisme d’apoptose ciblée et spécifique semble être dû à 
l’induction par l’IL-21 d’un complexe Bcl-2/Bcl-2-modifying factor (Bmf) qui est 
spécifiquement exprimé chez les cellules B exprimant des IgE. Bmf inhibe l’activité 
anti-apoptotique de Bcl-2, ce qui induit l’apoptose spécifique des cellules B exprimant 
des IgE et l’absence conséquente de production d’IgE. Ces données ont permis de 
montrer que l’IL-21 peut influencer de façon différencielle le devenir d’une réponse 
médiée par les anticorps selon le type d’activation que les cellules B ont subit 
lorsqu’elles ont rencontré un antigène. Les cellules B qui ont reçu un signal polyclonal et 
non spécifique, comme ceux médiés par les TLR, produiront des Igs non spécifiques aux 
antigènes incluant des auto-anticorps. Au contraire, les cellules B qui interagiront de 
façon spécifique par l’intermédiaire de leur BCR et qui recevront des signaux provenant 
des cellules T produiront des anticorps spécifiques. 
 
L’IL-21 dirige la différenciation terminale des cellules B en plasmocytes: 
Le rôle de l’IL-21 dans la réponse médiée par les anticorps a été étudié en utilisant des 
souris transgéniques pour l’IL-21 ainsi qu’en leur injectant des plasmides codant pour 
l’IL-21 [113]. Dans les deux systèmes expérimentaux, l’apoptose induite par l’IL-21 fut 
observable chez les cellules B naïves ex vivo. Cependant, une augmentation du nombre 
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total de cellules B spléniques a été observée dans les deux modèles expérimentaux. 
L’augmentation du nombre de cellules B était due à une augmentation du nombre de 
cellules B immatures, de cellules B post-switch et de cellules plasmatiques. Cependant, 
aucun changement fut observé au niveau des cellules B matures, ces données étant 
relation avec une augmentation des niveaux sériques d’IgM et d’IgG1 [113]. L’habileté 
de l’IL-21 à augmenter la différenciation des cellules B en plasmocytes est expliquée par 
sa capacité à induire l’expression du facteur Blimp-1 (B lymphocyte-induced maturation 
protein-1), un facteur de transcription ayant un rôle clef dans les changements de 
programe transcriptionnels aboutissant à la différenciation terminale des cellules B en 
cellules plasmatiques [113, 114]. De façon surprenante, l’IL-21 induit aussi l’expression 
du facteur de transcription Bcl-6 au niveau des cellules B spléniques ainsi que dans les 
lignées cellulaires de type B [113]. Les fonctions de Blimp-1 et Bcl-6 sont mutuellement 
exclusives. Blimp-1 et Bcl-6 se régulent de façon négative l’un l’autre et leurs fonctions 
et expression corrèlent avec des phénotypes de cellules plasmatiques et de cellules B 
mémoires respectivement [114, 115]. Il n’est donc toujours pas clair si l’IL-21 induit 
l’expression de ces deux facteurs dans la même cellule d’un individu. Si c’est le cas, leur 
co-induction induite par l’IL-21 pourrait être limitée à un stage spécifique du 
développement des cellules B ayant lieu avant l’étape de dissociation entre cellules 
mémoires et cellules plasmatiques. 
De même que pour les cellules B de souris, l’IL-21 joue un rôle majeur dans la 
différenciation des cellules B chez l’homme (Figure 7). Les cellules B naïves du sang de 
cordon ainsi que les cellules B mémoires post-switch peuvent être différenciées en 
plasmocytes par l’IL-21 lorsque combinée à des signaux provenant du BCR et/ou d’un 
anti-CD40 [116]. L’IL-21 induit aussi l’expression de Blimp-1 et de l’AID sans induire 
d’hypermutation somatique [116]. Bien que l’IL-21 permet un switch vers la production 
d’IgG1 et IgG3 par les cellules B humaines périphériques [117], la co-stimulation de 
cellules B naïves du sang de cordon avec l’IL-21 et un anti-CD40 induit de façon 
préférentielle la production d’IgG3 [116]. Ceci suggère que les différences moléculaires 
de ces populations jouent dans le type d’anticorps produits. Une étude a démontré que la 
mise en culture de cellules B naïves avec le ligand du CD40 (CD40L) et de l’IL-21 
permet aussi la production de cellules B qui produisent des IgA [118]. Cette étude 
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démontre que dans ces conditions (en présence de CD40L), alors que la présence de 
l’IL-4 et de l’IL-21 augmente de façon synergique la production d’IgG1, la présence 
d’IL-4 abolit en parallèle le switch vers la production d’IgA [118]. De même, une étude 
ayant pour but d’évaluer l’utilisation possible de l’IL-21 pour augmenter la production 
d’Igs chez des patients souffrants d’immunodéficience commune variable ou d’une 
déficience dans la production d’IgA a démontré que la présence d’IL-21, d’IL-4 et 
d’anti-CD40, permettait un switch de la production d’IgG vers la production d’IgA au 
niveau des cellules B chez ces patients [119]. De plus, le traitement de ces cellules avec 
ce cocktail activateur a permis de prévenir l’apoptose spontanée de ces dernières [119]. 
Bien que l’IL-21 et l’IL-4 coopèrent de façon positive ou négative dans la production 
d’Igs, ces deux cytokines sont antagonistes dans leur effet sur la différenciation 
terminale en plasmocytes pour les cellules B murines ou humaines. L’IL-4 inhibe l’effet 
différenciateur de l’IL-21 chez les cellules B stimulées par des anti-IgM ou des anti-IgM 
+ anti-CD40 alors qu’elle n’inhibe pas son effet sur des cellules B stimulées par des anti-
CD40 seuls [113, 116]. L’interation fonctionnelle entre ces deux cytokines est donc 
complexe et dépend du type de co-stimulation ainsi que de l’état de développement des 
cellules B.  
Bien que les niveaux d’IL-21R soient supérieurs sur les cellules B naïves que les cellules 
B mémoires [105], l’IL-21 peut induire une différenciation rapide des cellules B 
mémoires de la zone marginale en plasmocytes [120]. Cette différenciation a lieu en 
réponse à l’IL-21 et BAFF/BlyS, une cytokine produite par une population de cellules 
dendritiques locales [121]. La combinaison de BAFF et de l’IL-21 conduit à une 
induction synergétique de Blimp-1 et de l’AID, entraînant ainsi la différenciation de 
cellules plasmatiques productrices d’IgG de façon indépendante aux antigènes [120].  
La collaboration entre les cytokines concernant la production des anticorps a aussi fait 
l’objet de plusieurs études. Une étude a démontré que l’IL-6 permettait d’augmenter 
l’expression de l’IL-21 à partir de cellules T CD4+ naïves et mémoires activées au 
niveau de leurs TCR [122]. Il semble que cette production d’IL-21 soit nécessaire pour 
que l’IL-6 médie son rôle promoteur dans la production d’anticorps par les cellules B in 
vitro. Lors d’une étude in vivo, l’administration de l’IL-6 et du virus de l’influenza 
inactivé a permis d’augmenter la production d’anticorps spécifiques au virus et cette 
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augmentation était dépendante de la présence d’IL-21 [122]. Il semble donc qu’en jouant 
de façon indirecte sur la production d’IL-21, l’IL-6 augmente la production d’anticorps 
spécifiques. 
Les centres germinaux sont des sites anatomiques dans lesquels les cellules B activées 
par des antigènes se différencient en cellules plasmatiques pour produire des anticorps 
de hautes affinités. La différenciation en cellules plasmatiques est régulée par de 
multiples facteurs dans les environnements créés par les centres germinaux et 
spécialement les cytokines. Au niveau des centres germinaux, les cellules B interagissent 
avec les cellules T helper folliculaire (Thf) qui produisent de l’IL-21. Une étude a 
montré que l’IL-21 permet de mieux initier que l’IL-10 la différenciation des 
centroblastes (CD77+) en cellules plasmatiques en activant STAT-3 et en induisant de 
façon importante l’expression de facteurs de transcriptions dans les centres germinaux 
[123]. Cependant, l’IL-10 permet de mieux générer les cellules plasmatiques terminales 
CD138+ à partir des cellules CD20-CD38+ au niveau des centres germinaux [123]. Ces 
différents effets entre l’IL-21 et l’IL-10 sont aussi en relation avec l’expression de leurs 
récepteurs respectifs aux différents stages. L’IL-21 joue donc un rôle premier et 
initiateur dans la différentiation des centroblastes alors que l’IL-10 joue un rôle tardif et 
permet une différenciation terminale des cellules plasmatiques, ce qui permet la 
production d’Igs [123]. 
L’étude menée par Linterman et al. démontre que l’IL-21 agit de façon directe sur les 
cellules B pour contrôler la formation des centres germinaux [124]. L’absence d’IL-21 
empêche la maturation des cellules B permettant leur spécificité et réduit le pourcentage 
de cellules B produisant des IgG1. L’IL-21 peut de plus s’associer aux signaux médiés 
par le TLR7 pour permettre une réponse optimale des cellules B et la production 
d’anticorps [125]. Une étude similaire menée par Zotos et al. démontre que l’absence 
d’IL-21 affecte profondément la réponse des cellules B lors de stimulations avec des 
antigènes, réduit la formation de cellules plasmatiques dans la rate et la moelle osseuse, 
et réduit la fonction et la persistence des centres germinaux [126]. Ceci influencera 
finalement la prolifération des cellules B, leur transition vers le stade mémoire, et 
réduira leur affinité aux antigènes. Leur étude démontre que cette régulation médiée par 
l’IL-21 provient de cellules T CD3+, probablement des cellules Thf, et que l’IL-21 agit 
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de façon directe sur les cellules B en maintenant l’expression de Bcl-6 [126]. Il semble 
donc que l’IL-21 contrôle le devenir des cellules B en agissant de façon directe sur ces 
cellules au niveau des centres germinaux. 
 
 
2-3-2 Effet de l’IL-21 sur les cellules T CD4+ 
 
L’IL-21 est produite par de multiples populations de cellules T helper: 
Chacune des sous-populations de cellules T (Th1, Th2 et Th17) peuvent produire de 
l’IL-21 ainsi que répondre à cette dernière bien que leur réponse soit différente. 
Cependant, l’implication des sous-types de cellules T responsables de la production 
d’IL-21 aux différentes étapes d’une réponse immunitaire reste inconnue. 
Les études menées pour savoir quel type de cellule T helper produit l’IL-21 ont été 
contreversées et inconsistantes dans le passé [127, 128]. Une étude a montrée que l’IL-
21 était produite par les cellules Th2 et non les Th1 alors qu’une autre étude utilisant des 
puces à ADN avait démontré le contraire [127, 128]. Des études récentes ont démontré 
que les cellules Th17 produisaient des niveaux élevés d’IL-21 par rapport aux Th1 et 
Th2 [129, 130]. L’IL-21 elle-même, ainsi que l’IL-6, sont essentielles dans cette 
augmentation d’expression dans ces cellules [129-131]. La signalisation médiée par le 
TCR des Th17 semble aussi augmenter l’expression de l’IL-21 par ces dernières. 
  
Effets in vitro de l’IL-21 sur la différentiation Th1 versus Th2: 
De façon analogue aux effets de l’IL-21 sur les cellules B, l’effet de l’IL-21 sur cette 
différenciation dépend d’autres cytokines ou cellules immunitaires ainsi que le stade de 
développement des cellules T (Figure 8). L’observation initiale suggérant que l’IL-21 
fonctionnait comme une cytokine de type Th2 est basée sur des expériences in vitro qui 
ont montré sa capacité à inhiber l’expression d’IFN- chez des cellules T CD4+ naïves 
cultivées dans des conditions menant à un phénotype Th1 [127]. Il n’y avait cependant 
pas de sous-régulation générale du programme Th1 car le traitement par l’IL-21 n’a eu 
aucun effet sur l’expression de T-bet ou du IL-12R2, qui sont des marqueurs de type 
Th1 exprimés en absence d’IL-21. La réduction spécifique d’IFN- par l’IL-21 est 
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directement reliée à la répression de l’Eomesodermine, un facteur de transcription de 
type T-box qui joue un rôle important dans l’induction d’IFN-(Figure 8) 	
. De 
plus, le traitement avec l’IL-21 de cellules T de sang périphérique pré-activées au niveau 
de leur TCR induit l’expression d’une panel de gènes de type Th1 comme ceux codant 
pour l’IFN-, T-bet et l’IL-12R2, ce qui suggère un effet différent de l’IL-21 sur des 
cellules T déjà activées par rapport à des cellules naïves [133]. 
 
Effet in vivo de l’IL-21 sur la différenciation Th1 versus Th2: 
Les souris KO pour l’IL-21R ont un profil normal de développement des cellules T 
CD4+ tant au niveau du thymus qu’en périphérie [103]. De plus, la stimulation in vitro 
de cellules T CD4+ naïves vers un profil Th1 ou Th2 n’a montré aucune différence dans 
l’expression d’IFN- ou d’IL-4 chez des souris sauvages ou KO pour l’IL-21R. Ceci 
suggère que l’IL-21 n’est pas essentielle pour la différenciation de ces deux sous-types 
de cellules T [103]. Lorsque les souris KO pour l’IL-21R ont été examinée dans un 
modèle retardé d’hypersensibilité, les souris KO ont montré une réponse imflammatoire 
élevée par rapport aux souris sauvages. Le challenge ex vivo par un antigène spécifique 
des cellules T CD4+ a révélé une haute production d’IFN- par les souris KO par rapport 
aux souris contrôles [127]. Une autre étude a examiné l’expression de l’IL-21 lors de 
l’infection par Schistosoma mansoni, un parasite reconnu pour induire un réponse de 
type Th2 [134]. Les niveaux d’IL-21 ont été mesurés dans des souches de souris 
développant une réponse massive de type Th1 (double KO pour l’IL-4 et l’IL-10) ou de 
type Th2 (double KO pour l’IL-12 et l’IL-10). Bien que l’infection ait induit une réponse 
hautement polarisée dans les poumons avec la production d’IL-13 et d’IFN-, l’IL-21 a 
été produite lors de l’infection par les deux types de souris, indiquant que l’IL-21 ne se 
comporte pas comme une cytokine classique de type Th1 ou Th2 [134]. Les souris KO 
pour l’IL-21R infectées par Schistosoma mansoni n’ont pas eu d’augmentation dans la 
production de cytokines de type Th1 malgré une réponse réduite de celles de type Th2 
(baisse de la production d’IL-4, d’IL-10 et d’IL-13) au niveau des poumons. De plus, 
une résolution de l’infection a été plus rapidement observée chez les souris KO pour 
l’IL-21R, ce qui suggère un rôle joué par l’IL-21 dans l’initiation et la maintenance de la 
réponse inflammatoire. 
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Figure 7. Effet de l’IL-21 sur les cellules B 
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Lors de cette étude, aucune différence dans le profil d’expression des cytokines par des 
cellules T CD4+ stimulées ex vivo avec des antigènes a été observée, ce qui suggère que 
la déficience in vivo de l’IL-21 n’altère en rien le priming des cellules T CD4+ vers un 
sous-type précis, et va plutôt conduire à une baisse de différenciation vers une réponse 
de type Th2.  
Lors d’une autre étude, des souris KO pour l’IL-21R infectées par un parasite intestinal 
(Heligmosomoides polygyrus) qui conduit à des fièvres et des petits granulomes, ont subi 
une réduction d’éosinophylie dans le sang, ce qui suggère un défaut de la réponse Th2 
[135]. Cependant, l’analyse de la production cytokinique ex vivo des souris infectées a 
révélé aucune différence dans les niveaux d’expression d’IL-4 et d’IFN-. 
 
2-3-3 Effet de l’IL-21 sur les cellules Th17  
 
Les cellules T CD4+ qui produisent de l’IL-17 possèdent des distinctions 
développementales et fonctionelles par rapport aux cellules Th1 ou Th2 (Figure 9) [136, 
137]. Le TGF- qui joue un rôle clef dans la génération des cellules T régulatrices 
(Trég), possède aussi un rôle important dans l’induction et la différenciation des cellules 
Th17 [138-140]. Le TGF- régule d’une façon fine le développement des Trég et des 
Th17, notamment grâce à l’IL-6 qui permet de balancer la différenciation en faveur du 
développement des cellules Th17 et réduit celle des Trég [141]. Une analyse à partir de 
cellules T CD4+ stimulées au niveau de leur TCR a démontré que l’IL-6 induisait 
fortement l’expression de l’IL-21 [131]. En effet, l’IL-21 est très fortement exprimée 
dans les cellules Th17 et semble être approximativement cinq fois plus exprimée dans 
ces cellules que dans les cellules Th1 et Th2 (Figure 8 et 9) [129, 130]. L’induction de 
l’IL-21 conduit à sa propre augmentation de façon autocrine [131]. L’IL-21 induit 
l’expression de l’IL-23R sur ces cellules [129, 131]. L’IL-23R forme un dimère avec 
l’IL-12R1 qui est partagé par l’IL-12R [142]. Bien que l’IL-23 soit un facteur 
important dans les maladies inflammatoires tant chez l’homme que chez la souris, son 
récepteur n’est pas présent sur les cellules T naïves mais l’IL-23 joue un rôle important 
dans l’expansion et la maintenance des cellules Th17 (Figure 9) [143].  
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Figure 8. Effet de l’IL-21 sur les cellules T 
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Figure 9. Effet de l’IL-21 sur le développement des cellules Th17 
 
 
 
 
 
 
38  
L’induction de l’IL-23R par l’IL-21 à partir de cellules T CD4+ naïves est par 
conséquent une étape critique dans la différenciation et l’expansion des cellules Th17 in 
vivo (Figure 9). L’IL-21 et l’IL-23 augmentent l’expression du facteur de transcription 
nécessaire au développement de ces cellules, le RORt, qui conduit lui-même à la 
trancription de l’IL-21 [131, 144]. La production d’IL-17 est réduite chez les cellules T 
CD4+ de souris KO pour l’IL-21R après différenciation in vitro avec de l’IL-6 et du 
TGF-, ce qui démontre que l’induction de l’IL-21 par l’IL-6 conduit à une 
amplification de la différenciation [129, 131]. En fait, l’IL-23R n’est pas induit à la 
surface des cellules T CD4+ lors d’une différenciation in vitro avec de l’IL-6 et du TGF-
 chez des souris KO pour l’IL-21 ou l’IL-21R, ce qui indique un rôle critique de l’IL-
21 dans le contrôle de l’expression de l’IL-23R [129, 131]. L’induction initiale de l’IL-
21 par les cellules Th17 est donc critique pour établir une amplification de type 
autocrine qui conduira à la différenciation terminale, l’expansion, la maintenance et la 
production d’IL-17 par ces dernières (Figure 9). 
L’étude menée par Huber et al. a démontré le rôle clef de l’Interferon Regulatory Factor 
4 (IRF-4) dans l’induction des cellules Th17 par l’IL-21 [145]. Lors de cette étude, un 
profond défaut dans la génération des cellules Th17 a été observé en présence d’IL-21 et 
de TGF- à partir de cellules de souris KO pour l’IRF-4. Les niveaux de l’IL-23R 
étaient réduit ainsi que ceux des facteurs de transcription RORt et ROR alors que 
l’expression du facteur de transcription FoxP3 (classique des cellules Trég) était 
augmentée [145]. Une autre étude a démontré que les souris KO pour la protéine IBP 
(IRF-4 Binding Protein), une protéine reconnue pour inhiber l’action de l’IRF-4, 
développent rapidement de l’arthrite rhumatoïde et des vasculites [146]. Il semble que 
ces signes d’inflammation soient dûs à une augmentation de la réponse des cellules T et 
à une synthèse inapropriée d’IL-17 et d’IL-21. L’IBP empêchait en effet la régulation 
des gènes codant pour l’IL-17 et l’IL-21 en séquestrant l’IRF-4. Il semble donc que 
l’IBP joue un rôle important dans la prévention contre les maladies auto-immunes 
médiées par les cellules T en régulant la production d’IL-17 et d’IL-21 en réponse aux 
antigènes du soi. 
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2-3-4 Effet de l’IL-21 sur l’induction des cellules T régulatrices 
  
L’IL-21 joue un rôle indirect sur la différenciation des cellules T régulatrices 
(Trég) qui sont impliquées dans la suppression des réponses immunitaires. L’IL-21, 
contrairement à l’IL-2, ne supporte pas la prolifération des cellules Trég activées par un 
anti-CD3 [147, 148]. L’IL-21 semble réduire l’expression du facteur de transcription 
FoxP3 qui est nécessaire pour le développement de ces cellules bien que le mécanisme 
exact ne soit pas toujours clair. L’effet négatif de l’IL-21 sur ces cellules est de plus 
démontré par la présence de quatre à cinq fois plus de cellules T CD4+ FoxP3+ chez les 
souris KO pour l’IL-21 [129]. 
 
 
2-3-5 Effet de l’IL-21 sur les lymphocytes T CD8+ 
 
Les souris KO pour l’IL-21 ne démontrent aucun problème concernant le 
développement de ces cellules [103]. Plusieurs expériences in vitro ont démontré que 
l’IL-21 a un faible effet sur les cellules T CD8+ naïves et mémoires mais peut augmenter 
leur prolifération de façon synergétique avec l’IL-7 ou l’IL-15, deux cytokines 
reconnues pour avoir un rôle majeur dans l’expansion de ces cellules [149-151]. Cet 
effet synergétique est observé lorsque les cellules T CD8+  sont stimulées en absence 
d’activation du TCR, ce qui suggère un rôle de l’IL-21 dans une expansion de ces 
cellules qui est antigène-indépendante [149]. Des études utilisant des micro-array ont 
démontré que l’IL-21 augmentait l’expression de l’ARN messagé codant pour le 
granzyme B, qui à un rôle dans la réponse cytotoxique, et le facteur c-jun qui joue un 
rôle dans le contrôle de la prolifération cellulaire [149]. L’IL-21 est aussi reconnue pour 
augmenter l’expression de la granulysine dans ces cellules, une protéine ayant un rôle 
important dans l’activité anti-microbienne et dans le contrôle d’infections opportunistes 
pouvant se déclarer chez des patients atteints du SIDA ou souffrant 
d’immunodéficiences diverses (Figure 10) [152]. 
Les cellules T CD8+ effectrices sont reconnues pour avoir une faible expression des 
molécules co-stimulatrices CD28 et CD62L. Des études ont démontré que l’IL-21 
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permettait d’empêcher la sous-régulation de CD28 et CD62L et servait donc à maintenir 
une co-stimulation importante au niveau de ces cellules [153]. Bien que l’IL-21 peut 
sous-réguler l’expression de CD44 sur les cellules T CD8+, l’effet combinatoire de l’IL-
15 avec l’IL-21 augmente l’accumulation de cellules T CD44highCD8+ [149]. De même, 
une combinaison de l’IL-21 avec l’IL-15 permet d’augmenter l’expression d’IFN- par 
ces cellules T CD8+ [149]. Lors d’études in vivo, une immunisation avec un virus de la 
vaccine exprimant la glycoprotéine 160 (gp160) du VIH-1 chez des souris KO pour l’IL-
21R a entraîné une baisse dans la prolifération et la cytotoxicité des cellules T CD8+ par 
rapport aux souris sauvages [149]. Ceci suggère que l’IL-21 à un rôle dans l’expansion 
et la différenciation fonctionnelle des cellules T CD8+ qui sont antigènes-spécifiques. 
Lorsque des cellules T CD8+ naïves sont stimulées in vitro par des cellules dendritiques 
matures présentant un peptide tumoral, une augmentation dans la prolifération de ces 
cellules a été observée lors de l’ajout d’IL-21, entraînant une accumulation de cellules T 
CD8+ cytotoxiques caractérisées par un haut niveau d’expression de CD28, une affinité 
antigènique multipliée par 10, et une augmentation de leur capacité à sécréter de l’IL-2 
[154]. L’IL-21 possède la capacité d’augmenter la prolifération antigène-indépendante 
des cellules T CD8+ naïves et mémoires. Elle peut aussi augmenter la prolifération et la 
différenciation antigène-dépendante des cellules T CD8+ naïves mais non celle des 
mémoires. La base de cette différence entre ces deux sous-types de cellules T CD8+ 
n’est pas encore comprise. Une étude sur les cellules T CD8+ effectrices chez des 
patients infectés par le VIH-1 a révélée que l’IL-21 augmentait la production de 
perforine en absence d’activation ou de prolifération, alors que l’activation de perforine 
par l’IL-15 était moins importante et était dépendante d’une prolifération cellulaire 
[155]. L’induction de perforine par l’IL-21 dans les cellules T mémoires était plus 
importante chez les patients infectés que les patients non infectés. Ainsi, l’effet 
prolifératif et fonctionnel de l’IL-21 sur les cellules T CD8+ diffère au niveau des 
cellules naïves et des cellules mémoires [155]. 
Une accumulation des cellules T CD8+ CD28- s’accumule avec l’âge, ceci étant dû à des 
stimulations antigèniques répétées avec le temps et aux effets homéostatiques régulés 
par des cytokines comme l’IL-15. Une étude récente réalisée par Nguyen et Weng a 
démontré que l’IL-21 permet de renforcer l’effet de l’IL-15 en ce qui concerne l’entrée 
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dans le cycle cellulaire des cellules T CD8+ [156]. L’IL-21 augmentait 
préférentiellement la prolifération des cellules T CD8+ CD28+ mémoires par rapport aux 
cellules T CD8+ CD28- car les cellules CD28+ exprimaient de plus haut niveau d’IL-15R 
et d’IL-21R et présentaient une phosphorylation plus importante de STAT-5 après 
stimulation. De plus, l’IL-21 a réduit la sous-régulation de CD28 induite par l’IL-15 
dans les cellules T CD8+ mémoires. La capacité proliférative et de survie en réponse à 
une stimulation combinée entre ces deux cytokines fut bien maintenue avec l’âge. Cette 
étude a donc démontré que l’IL-21 augmentait la prolifération des cellules T CD8+ 
mémoires, particulièrement les cellules CD28+,  et que cette cytokine pourrait servir 
d’antagoniste à l’effet réducteur de l’IL-15 concernant l’expression du CD28 sur ces 
cellules avec le temps [156].  
 
 
2-3-6 Effet de l’IL-21 dans la génération des cellules Th folliculaires 
 
 L’IL-21 est de nos jours reconnue pour avoir un rôle important dans la génération 
des cellules T helper folliculaires (Thf) [157, 158]. Ces cellules T sont retrouvées au 
niveau des tissus et spécialement au niveau des centre germinatifs où elles vont 
collaborer avec les cellules B et permettre leur différenciation finale conduisant à la 
production d’anticorps de haute affinité [124]. Les cellules T helper folliculaires sont de 
phénotype CD4+CXCR5+ et expriment le facteur de transciption Bcl-6. Ces cellules 
produisent des hauts niveaux d’IL-21 qui vont pouvoir agir directement sur les cellules 
B présentent au niveau des centres germinatifs [124, 126].  
Il semble que la molécule ICOS ait un rôle clef dans la génération des cellules Thf et la 
régulation de l’expression du facteur de transcription c-Maf qui à son tour régule 
l’expression de l’IL-21 [80]. Les souris KO pour ICOS n’ont pas de défaut dans la 
différenciation des cellules Th17 mais ont un faible nombre de ces dernières ainsi que 
peu de cellules Thf après stimulation avec de l’IL-23. Les cellules Thf présentes chez les 
souris KO pour ICOS expriment peu d’IL-17. Ces études ont démontré que la 
stimulation par ICOS active c-Maf qui va à son tour augmenter l’expression de l’IL-21 
dans ces deux types cellulaires et ainsi réguler leur expansion [80]. Plusieurs autres 
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études démontrent aussi l’importance de l’interaction entre les cellules Thf et les cellules 
B à travers la molécule ICOS concernant le développement des centres germinatifs. 
Cette interaction va conduire à la production d’IL-21 par les cellules Thf et permettre la 
formation de ces centres [159, 160]. 
Une étude a aussi démontré que l’IL-12 produite par les cellules dendritiques humaines 
permettait aux cellules T CD4+ naïves de devenir des cellules de type Thf produisant de 
l’IL-21 [161]. Ces cellules T de type Thf auront de plus la capacité d’aider les cellules B 
à produire des anticorps en sécrétant de l’IL-21 et en les stimulants par la voie utilisant 
ICOS. Cette étude suggère donc une co-opération des cytokines et spécialement l’IL-12 
produite par les cellules dendritiques au niveau des tissus concernant la différenciation 
des cellules Thf. De ce fait, une dérégulation dans les fonctions de ces cellules 
aboutissant à une dérégulation dans la production d’IL-21 pourrait créer des troubles 
dans la production d’anticorps ou le développement de maladies auto-immunes [162]. 
 
 
2-3-7 Effet de l’IL-21 sur les cellules Natural Killer 
 
Le développement des cellules NK dépend de la présence des cytokines c 
dépendantes [163, 164]. Cependant, les souris KO pour l’IL-21R ont une nombre normal 
de cellules NK fonctionnelles, ce qui suggère que l’IL-21 ne possède pas de rôle clef 
dans le développement de ces cellules [103, 165]. L’IL-21 peut par contre jouer un rôle 
dans la maturation et le développement fonctionnel de ces cellules à un niveau tardif du 
développement. Une étude a en effet démontré l’effet de l’IL-21 dans la génération in 
vitro des cellules NK à partir de précurseurs provenant de moelle osseuse [73]. Bien que 
les souris KO pour la c n’ont pas de cellules NK matures, les précurseurs NK de la 
moelle osseuse (CD122+ NK1.1- CD49b-) se developpent même en absence de signaux 
c-dépendants. Seulement un petit sous-type de ces précurseurs expriment le récepteur à 
l’IL-21 [166]. L’augmentation de l’expression de l’IL-21R au niveau de ces cellules est 
dépendante de l’IL-15, ce qui suggère que l’IL-15 augmente la sensibilité des 
précurseurs NK aux signaux médiés par l’IL-21 [166]. Une étude utilisant des 
précurseurs NK provenant de sang de cordon (cellules CD34+) a démontré que ces 
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cellules auront une meilleure différenciation si de l’IL-21 est ajouté au milieu de culutre 
permettant leur développement, qui est constitué d’IL-15, de Flt3-L (FMS-like tyrosine 
kinase 3 ligand), de facteurs de cellules souches et de l’IL-7 [167].  
Une autre étude a été réalisée sur la différenciation des cellules NK à partir de cellules 
du sang de cordon ombilical CD34- en présence de Flt3-L, de SCF (Stem Cell Factor) et 
des cytokines IL-15 et IL-21 seules ou en combinaison [168]. Leur étude démontre 
qu’en présence d’IL-15 et d’IL-21, les cellules CD34- prolifèrent et vont acquérir une 
morphologie lymphoïde ainsi qu’exprimer un phénotype KIR+ et CD56+/CD16+/- 
correspondant à un phénotype de cellules NK pseudo-matures. De plus, ces cellules 
produisent de l’IFN-, du GM-CSF, du CCL3/MIP-1 et sont capable d’exprimer en 
surface le marqueur CD107a après contact avec une cellule cible. 
L’IL-21 augmente la prolifération des cellules NK immatures en combinaison avec l’IL-
2 ou l’IL-15 alors qu’elle n’a aucun effet si utilisée seule [169]. L’IL-21 a un effet bi-
phasique sur les cellules NK immatures (Figure 10). En effet, de faible doses d’IL-21 
augmentent leur prolifération alors que de grandes doses l’inhibent, même en présence 
d’IL-2 ou d’IL-15.  
L’IL-21 possède aussi un effet au niveau de la prolifération, de la survie et au niveau de 
l’expression de certains récepteurs chez les cellules NK matures. L’IL-21 possède aussi 
une effet négatif concernant leur prolifération lorsqu’elles ont été stimulées par de l’IL-
15 et peut induire leur apoptose (Figure 10) [170].  
L’IL-21 augmente leur activité cytotoxique et la production d’IFN-(Figure 10)[165, 
170]. Contrairement à l’IL-2 et l’IL-15 qui augmentent l’expression des récepteurs 
inhibiteurs murins Ly49, l’IL-21 inhibe ces derniers à leurs surfaces [171]. De même, la 
signalisation médiée par le récepteur NKG2D, qui est dépendante de son partenaire de 
signalisation DAP-10, est inhibée par l’IL-21 car cette cytokine sous-régule ce facteur au 
niveau transcriptionnel [172]. Cependant, l’IL-21 augmente l’expression de NKG2D à la 
surface des cellules NK murines dérivées de moelle osseuse, ce qui suggère encore une 
fois un rôle de l’IL-21 qui est spécifique au stage de développement des cellules NK 
[170]. 
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2-3-8 Effet de l’IL-21 sur les cellules dendritiques 
 
L’ensemble des études portant sur l’interaction entre l’IL-21 et les cellules 
dendritiques (CD) ont démontré que cette cytokine inhibe leur maturation et leurs 
fonctions (Figure 10). Une des première étude portant sur ce sujet a démontré que 
l’injection d’un plasmide codant pour l’IL-21 dans des souris a entraîné une 
augmentation en périphérie de cellules positives pour CD11b et Gr1, deux marqueurs 
spécifiques à ces cellules [173]. La génération in vitro de cellules dendritiques en 
présence d’IL-21 aboutit à des cellules possédant des phénotypes immatures caractérisés 
par un faible niveau d’expression du complexe majeur d’histocompatibilité de classe II 
(CMH-II), une haute capacité à capturer des antigènes et un faible niveau d’expression 
du récepteur aux chimiokines CCR7 [97]. Lorsque ces CD ont été traitées avec du 
lypopolysaccharide (LPS), qui est supposé terminer leur maturation, aucune 
augmentation des niveaux d’expression du CMH-II, du CD86 et du CD80 (qui sont des 
marqueurs de maturité) n’a été observé [97]. De plus, ces cellules avaient une faible 
capacité à promouvoir la prolifération des cellules T lors de co-cultures. Le traitement de 
ces CD pendant seulement deux heures avec de l’IL-21 et un antigène ovalbumine, suivi 
de leur transfert adoptif in vivo, leur a permis d’inhiber un contact d’hypersensibilité 
médié par les cellules T. 
 
  
2-3-9 Effet de l’IL-21 sur les cellules NKT 
 
Les cellules NKT sont une population de cellules T qui expriment un répertoire 
du TCR restreint. Elles reconnaissent des glycolipides présentés par le CD1d et 
possèdent des récepteurs activateurs et inhibiteurs présents chez les cellules NK [174]. 
Elles régulent les autres cellules en produisant des cytokines et possèdent une activité 
cytotoxique importante. L’IL-21 augmente leur prolifération après activation avec un 
anti-CD3 et de l’IL-21 ou de l’IL-15 et  stimule aussi la relâche d’IL-4 et d’IL-13 par ces 
cellules [77].  
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(Leonard et al. Nat Rev Immunol. 2005) 
 
Figure 10. Effets de l’IL-21 sur la réponse immunitaire médiée par les cellules T et 
les cellules Natural Killer 
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                   (Skak et al. Nat Rev Drug Discov. 2008) 
 
Figure 11. Schéma résumant les différents effets de l’IL-21 sur les cellules immunes 
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L’IL-21 induit l’expression de granzyme B et induit des changements morphologiques 
qui rendent ces cellules similaires au cellules NK (larges et granulaires) (Figure 11). Les 
cellules NKT produisent de l’IL-21 lorsqu’elles sont stimulées in vitro avec un anti-CD3 
ou in vivo avec de l’-GalCer, un glycolipide spécifique aux cellules NKT (Figure 11) 
[77]. Les niveaux d’IL-21 produits par les NKT sont plus élevés que ceux produits par 
les cellules T CD4+ spléniques lors d’une stimulation avec un anti-CD3. Cette capacité à 
produire de hauts niveaux d’IL-21 en réponse à un stimuli microbien peut suggérer que 
ces cellules pourraient réguler les étapes initiales permettant la mise en place d’une 
réponse immune acquise médiée par les lymphocytes T et B. 
 
 
2-3-10 Effet de l’IL-21 sur les macrophages 
 
 L’IL-21 possède un effet pro-inflammatoire indirect sur les macrophages en 
induisant la production du facteur  CXCL8 (CXC-chemokine ligand 8, autrement appelé 
IL-8) (Figure 11) [175]. Ce facteur chimio-attracteur va attirer les neutrophiles et leur 
permettrent de passer de la circulation sanguine à travers les vaisseaux endothéliaux 
vasculaires pour arriver au niveau des tissus inflammés. Bien que les neutrophiles 
n’expriment pas l’IL-21R, l’IL-21 peut donc, de façon indirecte, jouer un rôle 
inflammatoire et permettre aux macrophages de recruter des neutrophiles ou d’autres 
cellules immunes dans les tissus inflammés. 
De plus, le rôle critique joué par l’IL-21 dans le développement des cellules Th17 
conduit indirectement à la production de cytokines appartenant à la famille de l’IL-17, 
qui affectent le recrutement et les fonctions des neutrophiles [129-131]. Ainsi, l’IL-21 
possède la capacité de freiner ou moduler de façon fine la réponse immune des cellules 
présentatrices d’antigènes professionnelles. 
L’étude menée par Rückert et al. a démontré que des souris KO pour l’IL-21R possèdent 
un nombre normal de macrophages, ce qui suggère un rôle non essentiel de l’IL-21 dans 
la génération de ces cellules [176]. Leur étude démontre que les macrophages matures 
expriment l’IL-21R et la chaîne commune . Cependant, une stimulation courte avec de 
l’IL-21 n’augmente pas leur prolifération mais induit l’expression de protéines 
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régulatrices du cycle cellulaire et anti-apoptotiques p21 et p27, ainsi que l’expression 
des protéines SOCS2 et SOCS3 (Suppressor of Cytokine Signaling 2 et 3) [176].  
De plus, l’IL-21 augmente la phagocytose des macrophages et l’activité de la 
métalloprotéinase de matrice 12 (MMP-12). La stimulation des macrophages avec l’IL-
21 augmente leur capacité à induire la prolifération des cellules T CD4+ antigène-
spécifiques [176]. Cependant, aucune augmentation de la prolifération a été observée 
concernant les cellules T CD8+ antigène-spécifiques. 
 
 
2-4 Rôle de l’IL-21 dans l’auto-immunité et les maladies inflammatoires 
 
Plusieurs études on proposé un rôle important de l’IL-21 dans le développement 
de maladies auto-immunes ou inflammatoires (Figure 12). 
 
  2-4-1 Rôle de l’IL-21 dans les maladies auto-immunes 
 
La première observation qui a suggéré un rôle potentiel de l’IL-21 dans une 
maladie auto-immune médiée par les cellules B a été réalisée à partir d’un model murin 
de Lupus Systémique Erythématoseux (LSE), BXSB.B6-Yaa+ [113]. En effet, le 
développement de la maladie était en corrélation avec les concentrations d’IL-21 dans 
les sérums. Ceci était consistant avec les niveaux élevés d’IgG observés et le rôle de 
l’IL-21 dans la différenciation des plasmocytes [113]. Les souris BXSB-Yaa KO pour 
l’IL-21R ne développaient pas les signes caractéristiques du Lupus, comme 
l’hypergammaglobulinémie, la production d’auto-anticorps, une fréquence réduite des 
cellules B de la zone marginale et des problèmes rénaux, par rapport aux souris sauvages 
[177]. Il semble de plus que l’IL-21 causant cette auto-immunité ne provenait ni des 
cellules Th17 ou des cellules Thf mais des cellules T CD4+ ICOS+ spléniques. Des 
études sur un modèle murin de Lupus MRL-Fas/lpr ont montré que les cellules T CD4+ 
de ces souris produisent des haut niveaux d’IL-21, comme c’est les cas des souris Yaa 
[178, 179]. Le traitement de ces souris avec un récepteur à l’IL-21 soluble et couplé à 
une partie Fc (IL-21R-Fc) a permis de réduire la lympho-adénopathie, de réduire les 
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changements morphologiques des glomérules du rein et de réduire légérement les 
niveaux d’IgG1 et d’IgG2a [178, 179].  
L’étude menée par Webb et al. démontre que l’expression de l’IL-21R sur les cellules B 
de patients atteints de LSE est réduite et que les niveaux sériques d’IL-21 sont 
augmentés chez ces patients, comme c’est le cas pour les modèles murins de cette 
maladie [180]. De plus, le poylmorphisme existant au niveau du gène codant pour l’IL-
21 ainsi que son récépteur est associé avec le développement de cette maladie [180, 
181].  
L’étude menée par Liu et al. démontre dans un modèle d’uvéite auto-immune 
expérimentale (EAU), que l’ARN messagé codant pour l’IL-21 est fortement exprimé 
dans les noeuds lymphatiques et la rate par rapport aux souris contrôles [182]. 
L’expression de l’IL-21R est aussi augmentée dans ces différents compartiments.  
Une autre observation a été réalisée avec les souris mutantes sanroque, qui ont un défaut 
d’expression de la roquine, une protéine qui régule négativement la production des 
cellules T folliculaires (Thf) qui produisent de l’IL-21. Ces souris ont donc des niveaux 
élevés de cellules Thf  ainsi que des niveaux élevés d’IL-21 circulantes, ce qui en 
contre-partie augmente les niveaux d’anticorps anti-nucléaires, de glomérulonéphrites et 
des lympho-adénopathie périphériques [183]. L’hypothèse émise serait que les niveaux 
élevés d’IL-21 conduiraient à une augmentation d’anticorps auto-réactifs par les cellules 
B folliculaires. 
Les études sur des souris NOD (Non Obese Diabetic) ont démontré que leurs cellules T 
produisaient des niveaux élevés d’ARN codant pour l’IL-21 et ont suggéré que ces haut 
niveaux pourraient augmenter la prolifération de cellules T CD8+ auto-réactives qui 
détruisent les cellules  du pancréas [184]. Une autre étude a proposé la possibilité que 
le gène codant pour l’IL-21, appartenant au locus Idd3 (Insulin-dependent diabetes 
susceptibility 3 locus), est un déterminant génétique qui pourrait prédisposer les 
personnes au développement du diabète [185]. Les souris NOD KO pour l’IL-21R sont 
en effet résistantes à l’inflammation, à la production d’auto-anticorps contre l’insuline et 
résistante au développement du diabète de type 1 [186, 187]. Chez ces souris, on a 
observé un défaut prononcé dans la présence de cellules T auto-réactives lors 
d’expériences de transferts. De plus, l’étude menée par cette équipe démontre que la sur-
50  
expression d’IL-21 dans les cellules  du pancréas induit la production de cytokines et 
chimiokines inflammatoires incluant l’IL-17A, l’IL-17F, l’IFN-, le MCP-1 et 2 et l’IP-
10. L’infiltration des leukocytes dans les ilôts pancréatiques subséquemment à cette 
inflammation a entraîné la destruction des cellules  et un diabète spontané de type 1 
[187]. L’étude de McGuire et al. a démontré que cette grande production d’IL-21 
résultait de la présence de deux SNPs (Single Nucletodide Polymorphism) dans la région 
promotrice distale du gène codant pour l’IL-21, ce qui réulte sur une plus haute affinité 
pour cette région à la liaison du facteur de trancription Sp1 [188].  
Certaines études proposent aussi un rôle de l’IL-21 et de l’IL-15 dans le développement 
de la maladie de Coeliac, une entéropathie causée par une intolérance au glutène chez 
des individus génétiquement susceptibles. Il semblerait que les cellules immunes 
présentes au niveau de l’intestin de ces patients produiraient ces deux cytokines qui 
orchestreraient en contre-partie une inflammation mucosale et engendrerait cette maladie 
[189]. 
Les études cliniques récentes de phase II concernant l’utilisation de l’anticorps 
monoclonal alemtuzumab (Campath-1H) contre la sclérose multiple ont permis 
d’observer que l’IL-21 avait un rôle déterminant dans le développement d’une auto-
immunité secondaire [190]. En effet, 30% des patients traités par cet anticorps ont 
développé une auto-immunité secondaire des mois voire des années après le traitement. 
Or, les patients qui ont développé une auto-immunité secondaire avaient, avant le 
traitement par cet anticorps, des niveaux d’IL-21 sériques plus élevés que ceux qui n’ont 
pas développés d’auto-immunité secondaire [190]. Les auteurs de cette étude suggèrent 
donc que l’IL-21 serait un biomarqueur de risque concernant le développement d’une 
seconde auto-immunité après le traitement par cet anticorps. Les niveaux élevés d’IL-21 
permettrait l’expansion des cellules T qui vont les conduire à une apoptose excessive, ce 
qui augmentera au final leurs chances de rencontrer des auto-antigènes et finalement 
promouvoir une auto-immunité [190]. Cependant, il semble que l’IL-21 n’ait pas de rôle 
majeur dans le développement des encéphalites auto-immunes et des myocardites auto-
immunes [191, 192]. 
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  2-4-2 Rôle de l’IL-21 dans les maladies inflammatoires 
 
L’IL-21 augmente l’encéphalite allergique expérimentale (EAE), un modèle 
expérimental pour la sclérose multiple, qui peut être induite par injection d’un antigène 
de myéline en présence d’adjuvants [193]. Lorsque l’IL-21 est injectée avant l’induction 
de la maladie, la sévérité de la maladie est augmentée et peut être mesurée par 
l’augmentation de cellules inflammatoires dans le système nerveux central. Cependant, 
si l’IL-21 est injectée après l’induction de la maladie, aucun effet n’est observé sur la 
maladie [193]. Ce phénomène semble être de plus dépendant des cellules NK car une 
déplétion de ces cellules avant l’induction de la maladie empêche l’augmentation de la 
sévérité médiée par l’IL-21. Bien que les cellules NK semblent être impliquées dans ce 
phénomène, une étude a démontré que l’IL-21 jouait un rôle dans l’induction et 
l’expansion des cellules Th17 dans ce modèle d’EAE [129, 130]. Les souris KO pour 
l’IL-21 ou l’IL-21R possèdent une réduction de dix fois du nombre de cellules 
produisant de l’IL-17 et de la progression de la maladie, comme c’est le cas des souris 
KO pour l’IL-17 [129, 130]. Les souris KO pour l’IL-21 ont aussi un nombre élevé de 
cellules T régulatrices (Trég). Ainsi, l’augmentation des symptômes auto-immuns chez 
les souris injectées avec l’IL-21 avant l’induction de l’EAE pourrait augmenter le 
nombre de cellules Th17 et réduire celui des Trég, ce qui augmenterait la sévérité de la 
maladie [130].  Lors d’une étude, l’utilisation d’agent bloquant les effets biologiques de 
l’IL-21 a permis d’exacerber le développement de l’EAE, d’augmenter la production 
d’IL-17 ainsi que de réduire le nombre et l’activité des cellules Trég [194]. Cependant, 
les mécanismes contrôlant ces résultats contreversés sont inconnus. 
 
Une étude portant sur l’arthrite rhumatoïde (AR) a démontré que l’expression de l’IL-21 
corrèle avec la présence des cellules Th17 au niveau du fluide synoviale et du sang 
périphérique des patients atteints de la maladie [195]. En utilisant un modèle murin 
d’AR, Jang et al. ont montré que les souris KO pour l’IL-21R sont totalement 
réfractaires au développement de cette maladie [196]. Ces souris contiennent moins de 
cellules T CD4+ ayant des capacités prolifératives, un nombre réduit de cellules Thf et 
un nombre plus élevé de cellules Th17 que les souris sauvages. Leurs travaux 
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démontrent que ces souris ne développent pas de cellules B mémoires produisant des 
IgG1 qui sont spécifiques aux auto-antigènes. De plus, l’IL-21 a induit l’expression de la 
protéine RANKL (Receptor Activator of NF-B Ligand), un régulateur de 
l’ostéoclastogénèse [196]. Peu de cellules infiltrantes exprimant RANKL ont été 
découvertes dans le fluide synovial des souris KO pour l’IL-21R. Il semble donc que 
l’IL-21 réalise un rétro-contrôle positif autocrine impliquant l’homéostasie des cellules 
T CD4+ et spécialement celle des cellules Thf. Le nombre réduit de cellules Thf jouerait 
sur un défaut de maturation des cellules B et le développement de cellules B auto-
réactives, permettant ainsi le développement de l’arthrite rhumatoïde [196]. Dans un 
modèle d’arthrite induite par le collagène, un inhibiteur de l’IL-21 (IL-21R-Fc) a permis 
de réduire faiblement l’inflammation [179]. Andersson et al. ont analysé l’effet bloquant 
de l’IL-21R-Fc et d’un anti-IL-15 sur la production de cytokines pro-inflammatoires au 
niveau des cultures cellulaires de membranes synoviales provenant de patients atteints 
d’AR [197]. Le fait de bloquer ces deux cytokines, et plus spécialement l’IL-21, a 
permis de réduire la production d’IL-1, d’IL-6 et de TNF- de façon très significative, 
suggérant un rôle joué par ces cytokines dans cette inflammation.   
 
Une étude a aussi démontré une expression augmentée de l’IL-21 en analysant des 
biopsies rectales de patients atteints de colites ulcératives [198]. De même, la présence 
de variant génétiques et du polymorphisme dans la région contenant l’IL-2 et l’IL-21 a 
été associée au développement de la colite ulcérative [199]. 
 
L’étude menée par Caruso et al. a démontré que l’IL-21 était fortement exprimée dans la 
peau des patients souffrant de psoriasis [200]. Cette cytokine stimule de plus la 
prolifération des kératinocytes et cause une hyperplasie épidermale lorsqu’on injecte 
cette dernière de façon intra-dermale dans des souris. En utilisant un modèle murin dans 
lequel le psoriasis est xénogreffé, la neutralisation de l’IL-21 a permis d’abolir 
l’inflammation et de réduire la prolifération des kératinocytes [200]. 
 
Une étude a démontré que la proportion des cellules T CD4+ produisant de l’IL-21 dans 
la lamina propria intestinale est augmentée chez les patients atteints de maladies 
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inflammatoires de l’intestin par rapport aux patients sains [201]. Ces cellules expriment 
aussi de l’IFN- et à un moinde niveau de l’IL-4 et de l’IL-17A. L’activation de ces 
cellules par de l’IL-12 et non de l’IL-23 a d’ailleurs permis d’augmenter la fréquence 
des cellules doubles positives pour l’IL-21 et l’IFN-. Dans cette étude, les auteurs ont 
aussi montré que la fréquence des cellules Thf produisant de l’IL-21 était plus élevée 
chez les patents atteins de la maladie de Crohn que ceux atteints de colite ulcérative et 
des personnes saines. Le traitement de ces cellules Thf avec de l’IL-12 a encore une fois 
permis d’augmenter la production d’IL-21 dans ces cellules. Ceci suggère qu’au niveau 
de la lamina propria intestinale, les cellules produisant de l’IL-21 produisent aussi de 
l’IFN-[201]. 
 
Ainsi, les études provenant de plusieurs laboratoires à travers le monde ont documenté 
de façon claire l’effet bénéfique que pouvait avoir l’inhibition de l’IL-21 sur la 
progression de maladies inflammatoires et auto-immunes.  
 
 
2-5 Rôle de l’IL-21 dans l’allergie et l’asthme 
 
La capacité de l’IL-21 à sous-réguler la production d’IgE a permis aux 
scientifiques de proposer un rôle pour l’IL-21 dans la diminution de la sévérité des 
allergies et de l’asthme (Figure 12). En effet, les études réalisées sur des modèles murin 
de rhinite allergique ont montré que l’administration d’IL-21 réduisait de façon 
significative les symptômes allergiques. Les souris traitées avec l’IL-21 possédaient des 
niveaux sériques plus faibles d’IgE spécifiques aux antigènes et des concentrations 
réduites de cytokines de type Th2 (IL-13, IL-4, IL-5) dans les tissus nasaux [202]. De 
plus, ces souris possédaient des niveaux faibles d’éotaxine-1 et-2 (induits par l’IL-4) 
dans les fibroblastes nasaux, ce qui a conduit à une suppression de la migration des 
éosinophiles dans les tissus nasaux.  
 
De façon similaire, l’administration systémique d’IL-21 dans un modèle murin d’allergie 
alimentaire a permis de bloquer une anaphylaxie induite par les antigènes [203]. Cette 
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inhibition était accompagnée par l’induction d’Id2 (un répresseur de la recombinaison 
vers la production d’IgE) et une diminution correspondante d’IgE spécifiques aux 
antigènes. La relation entre la prévention de la production d’IgE par l’IL-21 et 
l’anaphylaxie a été prouvée en montrant que l’IL-21 ne pouvait pas bloquer 
l’anaphylaxie chez des souris qui était KO pour l’Id2 [203]. 
 
Cependant, les souris KO pour l’IL-21R utilisées dans un modèle d’inflammation 
généralisée ont présenté de façon innatendue moins d’hyper-réponses antigène-induites 
des voies inflammatoires par rapport aux souris contrôles, malgré le fait d’avoir des 
hauts niveaux sériques d’IgE spécifiques aux antigènes [135]. Ceci suggère que 
l’activation des mastocytes par les IgE ne représente seulement qu’un seul des 
mécanismes impliquant les cytokines dans ce type d’inflammation. 
 
Une étude récente a mis en relation le rôle de l’IL-21R et le développement de la 
dermatite atopique (DA), une maladie inflammatoire allergique commune de la peau due 
aux allergènes. L’expression de l’IL-21 et de l’IL-21R était augmentée au niveaux de 
lésions de peau chez les patients atteint de DA [204]. De même, leur expression était 
augmentée au niveau du modèle murin correspondant à cette maladie. De plus, les souris 
KO pour l’IL-21R aini que les souris sauvages du modèle traitées par un inhibiteur de 
l’IL-21 (IL-21R-Fc) n’ont pas développé d’inflammation après une sensibilisation de 
leur peau de façon mécanique. Il semble que les souris KO pour l’IL-21R avaient une 
migration réduite des cellules dendritiques de la peau vers les noeuds lymphatiques, ce 
qui a entraîné une faible acccumulation de cellules T CD4+ au niveau de ces organes 
lymphoïdes secondaires [204]. De plus, leurs cellules dendritiques (IL-21R KO) n’ont 
pas subit d’augmentation de l’expression de CCR7 et ne migraient pas en réponse aux 
ligands de ce récepteur. En effet, il semble que le traitement de cellules dermales et 
épidermales avec l’IL-21 a augmenté l’expression de la métalloprotéinase de matrice 
MMP-2, qui est impliquée dans la migration des cellules dendritiques de la peau. 
 
55  
2-6 Rôle de l’IL-21 dans la réponse anti-tumorale 
 
La capacité de l’IL-21 à réguler la réponse immune médiée par les cellules T 
ainsi que les cellules NK a suggéré un possible effet anti-tumoral pour cette dernière. 
L’effet anti-tumoral de l’IL-21 a été examinée dans de nombreux modèles murins de 
tumeurs [205, 206]. L’ensemble de cet effet anti-tumoral est associé à l’activation de la 
réponse immune médiée par les cellules T CD8+  et les cellules NK.  Les différents 
modèles tumoraux qui ont été étudiés sont présentés dans un article de revue publié et 
présenté en tant qu’article numéro 1. Cet article comprend des informations plus 
détaillées sur l’effet anti-tumoral de l’IL-21 ainsi que sur les essais cliniques en cours 
impliquant cette cytokine. Cet article a été soumis à un processus de révision par les 
pairs avant sa publication. 
 
Article 1 : Iannello A and Ahmad A. Interleukin-21, new adjuvant for cancer therapy ? 
2009. Médecine Sciences 25(4): 341-3. 
 
 
Résumé: L’interleukine-21 (IL-21) est une interleukine récemment découverte faisant 
partie de la famille des cytokines dont la signalisation intracellulaire est dépendante de la 
chaîne commune  après interaction avec leurs récepteurs comme l’IL-2, 4, 7, 9 et 15. 
Cette cytokine est principalement produite chez la souris comme chez l’humain par les 
lymphocytes T CD4+ activés et les cellules TH17. Elle joue un rôle multifonctionnel et 
pléïotropique sur le système immunitaire. La compréhension du rôle des cytokines dans 
le système immunitaire, ainsi que leur répercussion sur le développement des cancers, a 
amené les chercheurs à essayer de bloquer ces dernières comme c’est le cas pour l’IL-6 
ou à les utiliser en tant qu’agents thérapeutiques dans le cas de l’IL-2. Récemment, de 
nombreuses études portant sur la biologie de l’IL-21 ont permis d’envisager des études 
précliniques portant sur l’effet de l’IL-21 sur les tumeurs. Ces études précliniques 
convaincantes réalisées sur des modèles murins ont permis aux scientifiques de 
commencer des essais cliniques chez l’homme utilisant l’IL-21 seule ou en combinaison 
avec d’autres agents thérapeutiques pour le traitement des cancers. 
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Article 1 
 
Iannello A and Ahmad A. Interleukin-21, new adjuvant for cancer therapy ? 2009. 
Médecine Sciences 25(4): 341-3. 
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le cerveau et présente donc un intérêt 
particulier, puisque pour la première 
fois des altérations du gène codant 
pour une protéine intervenant dans la 
voie de signalisation de l’IGF-1 sont 
associées directement à une maladie 
neuro-dégénérative. L’étude appro-
fondie de l’impact de ces variations 
géniques sur la fonction de la protéine 
nous apportera de précieuses informa-
tions sur son mode d’action et sur le 
croisement des voies  métaboliques et 
neurologiques. ‡
Glucose homeostasis, diabetes 
and neurodegenerative disorders
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L’interleukine-21, un nouvel 
adjuvant contre le cancer ?
Alexandre Iannello, Ali Ahmad
GLOSSAIRE
RI : Récepteur de l’insuline
R-IGF-1R : Récepteur de l’IGF-1
GIGYF2 : GRB10 interacting GYF protein 2
Grb10 :  Growth factor receptor-bound 
protein 10
IRS : Insulin receptor substrate
PI3K : Phosphatidylinositol 3 kinase
PKC : Protein kinase C
PDK : Phosphoinositide-dependent kinase
PKB :  Protein kinase between kinase A 
and C
GSK-3b : Glycogen Synthase Kinase 3
SHC : Src homologous and collagen protein
Grb2 :  Growth factor receptor binding 
protein 2
NGF : Nerve growth factor
BDNF : Brain derived neurotrophic factor
NT : Neurotrophin,
Trk :  Tyrosine receptor kinase
p75 NTR, p75 neurotrophin receptor
> L’interleukine-21 (IL-21) est une 
interleukine récemment découverte 
faisant partie de la famille des cyto-
kines. Le récepteur de l’IL-21 est un 
hétérodimère entre IL-21R et la chaîne 
 commune , cette dernière étant éga-
lement partagée par les récepteurs de 
plusieurs interleukines, IL-2, 4, 7, 9 et 15. 
L’IL-21 est principalement produite, chez 
la souris comme chez l’humain, par les 
lymphocytes T CD4+ activés et les cellules 
TH17. Elle a de multipltes fonctions sur 
le système immunitaire (Figure 1) [1]. 
Le rôle des cytokines dans le système 
immunitaire, et leur répercussion sur le 
développement des cancers ont amené 
les chercheurs à essayer d’en bloquer 
l’action, comme c’est le cas pour l’IL-6 
[2], ou à les utiliser en tant qu’agents 
thérapeutiques dans le cas de l’IL-2 
[3]. Récemment, de nombreuses études 
portant sur la biologie de l’IL-21 et des 
études précliniques convaincantes réa-
lisées sur des modèles murins ont per-
mis aux scientifiques de commencer des 
essais cliniques chez l’homme utilisant 
l’IL-21 seule ou en combinaison avec 
d’autres agents thérapeutiques pour le 
 traitement des cancers.
Études précliniques utilisant l’IL-21
Ses effets sur la stimulation des cellules 
Natural Killer (NK) et des lymphocytes T 
CD8+ (LTCD8+), justifient l’utilisation 
depuis peu de temps de l’IL-21 à des 
fins thérapeutiques contre différents 
types de cancers. En effet, de nombreux 
groupes ont montré dans des études 
indépendantes que la  transfection de 
Nouvelles.indd   16 25/03/2009   10:53:41
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l’ADNc codant pour l’IL-21 dans des 
cellules tumorales murines (issues 
de cancer du côlon, de mélanome, de 
fibrosarcome, de cancer mammaire, 
de cancer de la vessie, de gliome, de 
carcinome rénal et de neuroblastome) 
aboutit à une faible croissance ou au 
rejet total de ces tumeurs [4]. De plus, 
une stratégie vaccinale, via l’injec-
tion de cellules tumorales exprimant 
l’IL-21 et irradiées dans un modèle 
murin d’adénocarcinome mammaire, 
a démontré un prolongement de la 
survie de ces souris [5]. Des résultats 
identiques sur la réduction de la crois-
sance tumorale et la survie des souris 
ont été obtenus dans les modèles B16 
de mélanome ou de fibrosarcome, en 
présence d’un plasmide codant pour 
l’IL-21 [7]. La présence d’IL-21 favo-
rise aussi le transfert adoptif de LTCD8+ 
tumoraux spécifiques dans le modèle 
murin de mélanome B16, retardant la 
croissance de la tumeur avant son éli-
mination [6], ou dans le modèle murin 
de  thymome EG.7 [7].
L’IL-21 seule ou en combinaison ?
L’utilisation de l’IL-21 combinée avec 
des anticorps dirigés contre des cibles 
tumorales fait également l’objet d’étu-
des. La présence d’IL-21 associée au 
Trastuzumab (anti-HER2, human epi-
dermal growth factor receptor) pour 
le cancer du sein, au Rituximab (anti-
CD20, cluster of differentiation 20) pour 
les lymphomes ou au Cetuximab (anti-
récepteur à l’EGF, epithelial growth fac-
tor) pour le cancer du côlon entraîne 
une augmentation de la cytotoxicité 
cellulaire dépendante d’anticorps 
(ADCC : antibody dependent cell cyto-
toxicity) accompagnée par la sécrétion 
d’IFN- (interferon-g) et de TNF-
(tumor necrosis factor-a) [9]. In vivo, 
le traitement de souris inoculées avec 
des cellules cancéreuses murines surex-
primant le récepteur humain HER2 avec 
de l’IL-21 associée à l’anticorps 4D5 
(anti-HER2 humain) a permis de ralen-
tir la croissance de la tumeur [10]. Des 
résultats similaires ont été obtenus 
avec l’association Cetuximab et l’IL-21 
dans un modèle expérimental utilisant 
des cibles tumorales surexprimant le 
récepteur à l’EGF [10].
Non seulement l’IL-21 active la réponse 
anti-tumorale relayée par les cellules 
NK et les LTCD8+, mais, de plus, elle peut 
aussi avoir un effet anti-tumoral direct 
sur les cellules cancéreuses de type lym-
phocytaire. L’IL-21 induit l’apoptose de 
cellules de leucémie lymphocytaire chro-
nique (LLC) et augmente l’efficacité de 
l’ADCC en présence du Rituximab [11]. 
Cette cytokine provoque l’apoptose de 
cellules provenant de lymphomes B non-
hodgkiniens (LCBNH), réduit la prolifé-
ration de cellules provenant de lympho-
mes diffus à grandes cellules B (LDGCB) 
et déclenche l’apoptose des cellules 
primaires provenant de lymphomes de 
types LLC et LDGCB [12, 13]. Cepen-
dant, chez les patients atteints de Sézary 
(forme généralisée d’une prolifération 
lymphoïde T cutanée), l’IL-21 n’entraîne 
pas l’apoptose de cellules T provenant de 
lymphomes cutanés ni celle des cellules 
malignes circulantes [14, 15].
Phases Traitement Types de cancers Résultats
Essais achevés
Phase I IL-21 seule Mélanome métastatique
(29 patients)
1 réponse partielle
9 états stables
15 progressions
4 sans évaluation
Phase I/II IL-21 seule Mélanome métastatique
(24 patients)
1 réponse complète
4 réponses partielles
Carcinome à cellule rénale
(19 patients)
24 états stables
14 progressions
Phase I/II IL-21
et Rituximab
Lymphome B
(15 patients)
2 réponses complètes
3 réponses partielles
8 états stables
Essais en cours 
IL-21 seule
Phase I IL-21 seule Mélanome métastatique
Carcinome à cellule rénale
En attente
Phase I IL-21 seule Mélanome métastatique En attente
Phase I IL-21 seule Mélanome En attente
IL-21 en combinaison
Phase I/II IL-21
+ Sorafenib
Carcinome à cellule rénale En attente
Phase I/II IL-21
+ Sunitinib
Carcinome à cellule rénale En attente
Phase I IL-21
+ Cetuximab
Carcinome de côlon métastatique En attente
Phase I IL-21
+ Doxorubicine
Cancer de l’ovaire En attente
Tableau I. Essais cliniques achevés et en cours concernant l’IL-21. Le Sorafenib et le Sunitinib 
sont des inhibiteurs « multicibles » des récepteurs à tyrosine kinase administrés par voie orale. 
La doxorubicine est un agent intercalant l’ADN qui inhibe la topo-isomérase II.
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Figure 1. Effets majeurs de l’IL-21 sur les 
cellules du système immunitaire. L’IL-21 est 
sécrétée principalement par les lymphocytes T 
CD4+ activés et les cellules TH17. Elle entraîne 
la maturation des cellules NK et augmente 
leur activité cytotoxique contre les cellules 
tumorales. L’IL-21 augmente la prolifération 
des lymphocytes T CD8+ (LTCD8+) ainsi que leur 
activité cytotoxique contre leurs cibles. L’IL-
21 inhibe l’activité des cellules T régulatrices 
dont un des rôles est de contenir la réponse 
anti-tumorale et spécialement la prolifération 
des LTCD8+. En l’absence de stimulation, l’IL-
21 provoque l’apoptose des lymphocytes B. 
Cependant, cette cytokine permet la diffé-
renciation de cellules B naïves en lymphocy-
tes B mémoires et cellules plasmatiques après 
une interaction avec un lymphocyte T et une 
stimulation qui fait intervenir CD40 et son 
ligand CD40L. L’IL-21 peut aussi promouvoir le 
changement de classe des immunoglobulines - 
anticorps et augmenter la production d’anticorps de type IgG1 et IgG3 qui permettent l’opsonisation des cellules cancéreuses. Cette opsonisation 
entraîne leur élimination par les macrophages et favorise le fonctionnement du mécanisme d’ADCC médié par les cellules natural killer.
Des essais cliniques prometteurs
Ces études précliniques convaincantes 
ont stimulé le développement d’essais 
cliniques chez l’homme (Tableau 1). À ce 
jour, trois essais cliniques de phase I/II 
ont été réalisés en Australie et aux États-
Unis. Les deux premiers ont porté sur le 
mélanome métastatique et le « carci-
nome à cellules rénales ». Le troisième 
essai clinique a associé IL-21 et Rituxi-
mab dans le lymphome B non hodgkinien. 
L’étude de phase I dans le  mélanome 
métastatique a inclus 29 patients, dont 
25 ont pu être évalués : une stabilisa-
tion de la maladie a été obtenue chez 
9 d’entre eux, et une réponse partielle 
caractérisée par une baisse de la taille 
et de la progression des tumeurs chez 
un patient. Le deuxième essai clini-
que a porté sur 24 patients atteints de 
mélanome métastatique et 19 ayant un 
carcinome à cellules rénales. Le trai-
tement a induit une réponse complète 
chez les patients atteints de mélanome 
et 4 réponses partielles dans les cas de 
cancer du rein. Dans la troisième étude, 
l’association de l’IL-21 et du Rituximab 
chez 15 patients ayant des rechutes de 
lymphomes B a permis d’obtenir deux 
réponses complètes caractérisées par 
une disparition totale des tumeurs dans 
l’organisme, 3 réponses partielles, ainsi 
que 8 stabilisations.
De nouveaux essais cliniques sont en 
cours avec l’IL-21 seule ou en combi-
naison avec d’autres agents (Tableau 1). 
Deux cytokines, l’IL-2 et l’IFN- sont
déjà utilisées dans le traitement du 
mélanome métastatique et du carcinome 
à cellules rénales, mais elles induisent 
une réponse antitumorale faible et l’IL-2 
s’avère toxique à long terme lorsqu’elle 
est utilisée aux doses efficaces sur le plan 
tumoral. Le traitement par l’IL-2 entraîne 
en effet, un syndrome hémor ragique vas-
culaire qui produit des oedèmes inters-
titiaux et provoque la défaillance d’or-
ganes comme les poumons et le cœur. 
L’IL-21 est quant à elle considérablement 
moins toxique que l’IL-2 pour une effica-
cité anti- tumorale au moins équivalente 
sinon supérieure, permettant donc d’en-
visager son utilisation seule ou associée 
à d’autres agents thérapeutiques, si ces 
premières données se confirment dans 
d’autres essais cliniques.
L’IL-21 semble donc à ce jour être la seule 
cytokine dotée de propriétés antitumo-
rales efficaces, notamment celle d’inhi-
ber la croissance des cellules B malignes, 
et dont la toxicité est acceptable, aucun 
effet secondaire mortel ou sévère n’ayant 
été rapporté à ce jour. Récemment, notre 
groupe de recherche a démontré un taux 
faible d’IL-21 circulante chez les patients 
infectés par le VIH (virus de l’immuno-
déficience humaine) développant un 
SIDA  (syndrome  d’immunodéficience 
acquise), et une corrélation positive 
entre l’absence d’IL-21 et la progression 
vers un SIDA [16]. De plus, nos donnés 
expérimentales attestent un effet béné-
fique de l’IL-21 sur la réponse antivirale 
relayée par les cellules NK et les LTCD8+. 
Cette cytokine représente donc l’un des 
agents immunothérapeutiques les plus 
prometteurs et les essais cliniques en 
cours apporteront de précieuses infor-
mations sur son efficacité dans le trai-
tement de patients atteints de cancer ou 
de pathologies associées à des virus ou à 
des bactéries. ‡
Interleukin-21, 
new adjuvant for cancer therapy?
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> Dans la plupart des cancers, la morta-
lité est essentiellement liée à la forma-
tion de métastases. Lors de ce processus, 
les cellules tumorales dont les fonc-
tions prolifératives sont déjà altérées, 
complètent leur potentiel malin par un 
accroissement de leur capacité migra-
toire. Cela permet leur dissémination et 
l’établissement de tumeurs secondaires 
au niveau de sites distants. L’absence 
de stratégies thérapeutiques efficaces 
contre ce processus métastatique justi-
fie l’effort de recherches et le besoin de 
découvertes dans ce domaine.
Dans l’organisme, les cellules sont en 
contact avec une matrice extracellulaire 
et évoluent dans un environnement en 
trois dimensions (3D). Les études récen-
tes du processus de migration cellulaire 
à l’intérieur d’une matrice 3D (gels de 
collagène, matrices issues de cellules ou 
cultures associant plusieurs couches de 
cellules mimant la diversité d’un tissu) 
plus représentative de la réalité physio-
logique que les systèmes 2D classiques 
ont révolutionné la manière d’appré-
hender les mécanismes de motilité. Dans 
de tels environnements, la façon dont 
les cellules migrent et les morphologies 
qu’elles peuvent adopter sont complè-
tement différentes de celles qu’elles 
adoptent lorsqu’elles sont cultivées sur 
les substrats bidimensionnels plats et 
rigides qui sont habituellement utilisés. 
Ainsi, en 3D, on distingue deux types 
de migration individuelle : la migration 
amiboïde et la migration mésenchyma-
teuse [1]. Ces deux phénotypes migra-
toires ont également été observés in 
vivo et plusieurs études ont révélé que 
les cellules pouvaient alterner ces deux 
modes de migration, en fonction notam-
ment des conditions environnementales 
[1, 2]. Si les conditions environnemen-
tales ne sont pas propices à l’un de ces 
modes de migration, certaines cellules 
cancéreuses opteront pour l’autre mode 
de migration afin de ne pas interrompre 
leur déplacement. Lorsque les cellules 
se déplacent selon le mode amiboïde, 
leur  morphologie générale est celle d’une 
sphère dotée de protrusions membra-
naires globulaires extrêmement dyna-
miques. Dans ces conditions, les cellules 
semblent pouvoir migrer au travers de la 
MEC en s’affranchissant au moins partiel-
lement de la dégradation protéique qui 
accompagne ce processus. A contrario, si 
les cellules choisissent une migration de 
type mésenchymateux, leur morphologie 
est allongée de type fibroblastique. Dans 
ce cas, la dégradation de la MEC est un 
prérequis pour que les cellules puissent 
la traverser.
Rho et Rac 
déterminent le mode amiboïde 
ou mésenchymateux de la migration
Or, morphologie et migration sont sous 
la dépendance du cytosquelette d’actine 
et de l’ensemble des molécules capables 
de le remanier, notamment les peti-
tes GTPases de la famille Rho [8, 9]. 
Ainsi, les deux modes de migration dans 
une structure 3D sont déterminés par 
Nouvelles.indd   19 25/03/2009   10:53:42
[adresse(s) courriel retirée(s)]
57  
Le traitement de souris contenant des mélanomes par des cellules T CD8+ spécifiques 
(transfert adoptifs), suivi d’une injection d’IL-21 conduit à un régression partielle de la 
tumeur lorsque l’IL-21 est utilisée seule [149]. Une régréssion complète est observée 
lorsque l’IL-21 est utilisée en combinaison avec d’autres cytokines (IL-2 et IL-15) [207]. 
Une récente étude menée par Pouw et al. démontre que la combinaison de l’IL-21 et de 
l’IL-15 sur des lymphocytes T murins exprimant un TCR dirigé contre la gp100 
humaine (un antigène de mélanome HLA-A2 restreint) augmente la cytotoxicité des 
cellules T CD8+, en augmentant l’expression de granzyme A et B et de la perforine 
[208].  
De plus, ces deux cytokines combinées vont augmenter l’expression d’IL-2 et d’IFN- 
au niveau du sous-types de cellules T CD8+ efectrices mémoires. 
Une étude démontre aussi que l’IL-7 et l’IL-21 sont supérieures à l’IL-2 et l’IL-15 en ce 
qui concerne l’augmentation de la réponse anti-tumorale médiée par les cellules T dans 
un modèle de lymphome systémique dans des souris immunodéficientes [209].  
Une étude récente a été réalisée dans un modèle de mélanome utilisant des cellules 
B16F10 transfectées par une IL-21 fusionnée à une ancre GPI                        
(Glycosylphosphatidylinositol) et au GMCSF (Granulocyte-Macrophage Colony 
Stimulating Factor) [210]. L’IL-21-GPI-GMCSF a augmenté la cytotoxicité des cellules 
NK et des lymphocytes T cytotoxiques (LTC). De plus, cette IL-21-GPI-GMCSF a 
augmenté les niveaux sériques d’IFN-, a permis de contrôler la tumeur et a prolongé la 
survie des souris portant cette tumeur. Ces données proposent donc l’utilisation de cette 
IL-21 fusionnée dans le traitement des mélanomes [210]. 
Une étude réalisée sur de l’IL-21 fusionnée au GMCSF démontre que cette cytokine 
induit l’apoptose des lymphocytes T et B primaires exprimant l’IL-21R et ce d’une 
manière dépendante à l’activation de la protéine STAT-1 [211]. Les cellules B16 de 
mélanome exprimant cette cytokine ont été rejetées lorsqu’on les a implanté dans des 
souris C57BL6. De même, l’effet pro-apoptotique de cette cytokine a permis la survie 
des souris C57BL6 portant des lymphomes de type EL-4 [211]. 
Une étude menée par Kim-Schulze et al. démontre que l’IL-21 augmente les fonctions 
effectrices et l’activité anti-tumorale des cellules T CD8+ endogènes ainsi que celles 
reçues lors de transferts adoptifs, et réduit l’activité des cellules T CD4+ régulatrices au 
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niveau du micro-environement tumoral [212]. Bien que l’IL-21 utilisée seule possède un 
potentiel thérapeutique non négligeable, plusieurs groupes de recherche ont essayé de la 
combiner avec d’autres agents thérapeutiques [213]. Lorsque les souris porteuses de 
tumeurs ont été traitées avec l’IL-21 et un anticorps agoniste anti-TRAIL/DR5, une 
meilleure suppression de métastases ainsi qu’une augmentation d’une réponse médiée 
par les cellules T CD8+ mémoires a été observée lors du second challenge tumoral [214]. 
De même, la combinaison de l’IL-21 avec de l’-GalCer (qui active les cellules NKT en 
se liant à leur récepteur CD1d) permet de réduire le développement de métastases [215]. 
Le transfert de cellules dendritiques pulsées avec de l’-GalCer, suivi par l’injection 
d’IL-21, ont permis de réduire des tumeurs métastatiques déjà établies [216]. D’une 
manière générale l’IL-21 peut donc augmenter les activités anti-tumorales des cellules 
NK, NKT, des cellules T CD8+, et peut ainsi être utilisée en combinaison avec un grand 
nombre d’agents thérapeutiques différents. Ces études pré-cliniques ont donc démontré 
que l’IL-21 pouvait être utilisée contre différents types de tumeurs en impliquant 
différents types de réponses anti-tumorales. Ces études ont confirmé son potentiel anti-
tumoral et ont conduit à son utilisation lors de plusieurs essais cliniques dans des stages 
avancés de mélanomes, de carcinomes à cellules rénales ainsi que lors de cancers du 
côlon et des ovaires [217, 218]. Selon leurs essais cliniques, l’IL-21 est bien tolérée par 
le corps humain. Son utilisation entraîne peu ou de faibles effets secondaires, 
contrairement à l’IL-2 et l’IFN- qui engendrent des syndrômes capillaires ou une 
neurotoxicité. Ces études cliniques ont montré que l’IL-21 entraîne une augmentation 
d’expression de perforine et de granzyme B chez ces patients.  
L’IL-21 peut restaurer le mécanisme d’ADCC au niveau des cellules NK de patients 
atteints de carcinome de cellules squameuses de l’œsophage [219]. Cette cytokine a pu 
en effet augmenter et finalement restaurer l’ADCC médiée par les deux anticorps utilisés 
dans cette étude qui sont le Trastuzumab (anti-HER2) et le Cetuximab (anti-récepteur à 
l’EGF) au niveau des cellules NK de ces patients. 
Une étude originale et intéréssante a démontré l’effet de l’IL-21 sur l’angiogénèse des 
tumeurs [220]. L’IL-21 semble réduire la prolifération et la croissance des cellules 
endothéliales vasculaires activées. Lors d’études in vivo utilisant des membranes 
allantoïques d’embryons de poulets ainsi que des modèles murins de tumeurs, cette 
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équipe a démontré que l’IL-21 perturbe l’architecture des vaisseaux et affecte 
négativement la croissance de ces derniers. De plus, l’IL-21 réduit l’expression de 
plusieurs gènes reliés à l’angiogénèse [220]. 
Un autre effet anti-tumoral de l’IL-21 est celui médié directement par cette cytokine sur 
les cellules B. Une étude récente démontre aussi que cette cytokine arrête le cycle 
cellulaire et induit l’apoptose des cellules B larges et diffuses des lymphomes en activant 
les caspases [221]. De plus, l’IL-21 réduit la croissance de ces tumeurs lors de 
xénogreffes et prolonge la survie des souris greffées. Il semble que cet effet soit réalisé 
en régulant l’expression du facteur c-Myc. L’augmentation de ce facteur après 
traitement avec l’IL-21 réduit l’expression des protéines anti-apoptotiques Bcl-2 et Bcl-
XL.  
Une étude similaire a démontré que l’IL-21 induisait l’apoptose des cellules B de 
lymphôme de manteau (Mantle cell lymphoma). La stimulation de ces cellules avec l’IL-
21 a augmenté l’expression de trois protéines pro-apoptotiques (BIK (Bcl2-Interacting 
Killer), NIP3 (BCL2/adenovirus E1B 19-kDa protein-interacting protein 3), et 
HARAKIRI) et a réduit l’expression des protéines anti-apoptotiques Bcl-2 et Bcl-XL 
[222]. 
Cependant, une étude menée par Sondergaard et al. démontre que l’IL-21 endogène 
restreint de façon significative l’expansion des cellules TCD8+ spécifique aux antigènes 
tumoraux et inhibe l’immunité médiée contre les lymphômes de type EG-7 exprimant 
l’ovalbumine ainsi qu’une expansion secondaire des cellules T CD8+ mémoires [223]. 
Cette étude démontre d’une manière générale que le système endogène IL-21/IL-21R 
n’est pas requis pour l’immunité anti-tumorale médiée par les cellules NK, NKT et les 
cellules T CD8+ et que l’IL-21 restreint même l’expansion des cellules TCD8+ 
spécifique aux antigènes tumoraux et le rejet des tumeurs. Ceci propose donc un rôle 
immunosuppresseur pour cette cytokine. 
L’effet de l’IL-21 sur le développement de la maladie du greffon contre le greffé 
(GvHD) a aussi été étudié. Les études démontrent que l’IL-21 joue un rôle important 
dans le développement du GvHD. En effet, une réduction du GvHD est observée lors de 
la transplantation de moelle osseuse contenant des splénocytes de souris IL-21R-/- par 
rapport aux splénocytes de souris sauvages [224, 225]. De même, l’injection de cellules 
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de moelle osseuse transduites avec une molécule servant de decoy récepteur pour l’IL-21 
réduit l’apparition du GvHD [225]. L’étude menée par Bucher et al. démontre de façon 
similaire l’effet de l’IL-21 sur le développement du GvHD en expliquant que cette 
cytokine supprime la conversion des cellules T en cellules Trég FoxP3+ [224].  
Une étude portant sur les cellules T Vgamma9 Vdelta2a, le sous-type majeur de cellules 
/ T réagissant contre les cellules tumorales en reconnaissant des phospho-antigènes, a 
démontré que l’IL-21 augmentait leur prolifération de façon limitée [226]. En 
combinaison avec l’IL-2, l’IL-21 a augmenté l’activité cytotoxique anti-tumorale de ces 
cellules, leur dégranulation, et a augmenté l’expression de CD56 et de plusieurs 
molécules ayant un rôle dans la lyse des cellules cibles. De plus, ces cellules exprimaient 
des niveaux réduits d’ILT-2 et de NKG2A qui sont des récepteurs inhibiteurs et 
exprimaient des niveaux faibles du récepteur NKG2D [226]. 
 
 
2-7 Rôle de l’IL-21 dans le contrôle des infections virales chroniques 
 
L’induction d’une réponse immunitaire médiée par les cellules T CD4+ et CD8+ 
en conjonction avec les autres composantes du système immunitaire sont nécessaires 
pour contrôler les infections virales choniques. Il est aujourd’hui admis qu’en absence de 
l’aide apportée par les cellules T CD4+, la réponse réalisée par les cellules T CD8+ est 
compromise [227-229]. Malgré l’induction de la réponse médiée par les cellules T CD8+ 
lors de la phase initiale d’une infection virale chronique, l’absence d’une réponse 
apportée par les cellules T CD4+ est associée avec une incapacité des cellules T CD8+ à 
développer leurs fonctions effectrices, ce qui résulte sur une absence dans le contrôle de 
l’infection [227-229]. Cependant, les éléments régulateurs clefs produits par les cellules 
T CD4+ permettant d’obtenir une réponse antivirale complète et efficace étaient jusqu’à 
récemment mal compris voire inconnus.  
Des études réalisées sur des modèles in vivo murins d’infection virale persistente 
(modèle basé sur l’infection de souris par le Lymphocytic Choriomeningitis Virus 
(LCMV)) ont démontré le rôle clef de l’IL-21 dans la réponse antivirale [230-232].  
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                          (Leonard et al. J Leuk Biol. 2008 ) 
 
 
 
Figure 12. Conséquences et implications des effets biologiques de l’IL-21 sur les 
différentes composantes du système immunitaire 
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Selon ces études, les effects biologiques de l’IL-21 sont nécessaires pour empêcher la 
baisse d’efficacité des cellules T qui jouent un rôle important dans le contrôle de 
l’infection. Lors de trois études majeures, les auteurs ont utilisé lors de leurs expériences 
deux souches différentes de LCMV (LCMV Armstrong/Clone 13 ou LCMV 
Aggressive/Docile), qui possèdent un effet pathogène différent sur l’animal inoculé. 
L’injection de hautes doses de Clone 13 ou de Docile vont résulter sur une résolution 
longue et difficile de l’infection alors que les infections par les LCMV Armstrong et 
Aggressive vont être résoluent rapidement lors de la phase aigüe de l’infection.  
Lors de ces différentes études, les auteurs ont démontré que l’IL-21 était produite de 
façon prédominante dans les phases précoces et tardives de l’infection par les cellules T 
CD4+ spécifiques au LCMV. Ils ont aussi montré que l’IL-21 maintenait les activités 
effectrices des cellules T CD8+ spécifiques au LCMV requises pour le contrôle de 
l’infection. En effet, l’infection de souris KO pour l’IL-21R avec la forme 
immunosuppressive du LCMV a résulté sur une délétion prononcée des cellules T CD8+ 
spécifiques au virus. Au contraire, ces souris n’ont eu aucune difficulté à résoudre 
l’infection lors de l’inoculation des souches Armstrong ou Agressive. Les auteurs ont 
démontré que les cellules T spécifiques au LCMV proliféraient normalement, conduisant 
ainsi à la génération de pool de cellules T spécifiques au LCMV qui ont permis une 
résolution de l’infection.  
Pendant leurs études, ces groupes de recherche ont aussi démontré un effet direct de 
l’IL-21 sur la réponse antivirale médiée par les cellules T CD8+ lors de l’infection 
chronique en utilisant deux différentes méthodes. Lors de l’utilisation de moelles 
osseuses chimères comprenant des moelles osseuses de souris sauvage ou KO pour l’IL-
21R, ils ont démontré que les cellules T CD8+ spécifiques au LCMV surpassaient en 
fonction et efficacité ces mêmes cellules provenant de moelles osseuses KO pour l’IL-
21R. Deuxièmement, leurs études ont démontré que l’injection directe d’IL-21 dans des 
souris ne possèdant par de cellules T CD4+  pouvait restaurer les fonctions antivirales 
médiées par les cellules T CD8+ ainsi que réduire la charge virale chez les souris. 
Néanmoins, le traitement avec l’IL-21 était aussi associé avec 70% de mortalité chez les 
souris, suggérant un effet toxique potentiel de cette cytokine.  
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Leurs études ont permis de découvrir l’impact de l’absence de l’IL-21 sur la réponse 
hunorale après infection par le LCMV. En effet, suite à l’infection par les souches 
immunosuppressives du LCMV, une réduction significative dans la production 
d’anticorps spécifiques au LCMV a été observée chez les souris KO pour l’IL-21R. Ces 
observations sont consistantes avec les rôles clés médiés par l’IL-21 dans la génération 
des cellules plasmatiques et la production d’anticorps par ces dernières. De plus, ces 
données soulignent l’impact général et collectif de l’IL-21 dans la création et 
l’établissement d’une réponse immunitaire acquise et humorale lors d’une infection 
virale chronique. Néanmoins, des études additionnelles sont nécessaires afin de 
comprendre le rôle exact de l’IL-21 et l’interaction entre les cellules B et les cellules T 
CD8+ lors de ces infections. 
Le disfonctionnement des cellules T CD8+ lors d’infections virales choniques a été 
fortement associé avec une expression soutenue du récepteur Programmed Death-1 (PD-
1) [233, 234]. Fröhlich et al. ont montré que PD-1 était fortement exprimé sur la 
majorité des cellules T CD8+ spécifiques au LCMV chez les souris sauvages et KO pour 
l’IL-21R après infection [231].  
Les auteurs ont aussi démontré que les niveaux sériques d’IL-10, une cytokine 
inhibitrice reconnue pour interférer avec la réponse médiée par les cellules T, ainsi que 
la fréquence de cellules productrices d’IL-10, augmentaient brusquement pendant la 
phase aigüe de l’infection chez les souris sauvages. La fréquence de cellules 
productrices d’IL-10, qui étaient principalement des macrophages, était basse chez les 
souris KO pour l’IL-21R, excluant donc un rôle pour cette cytokine dans l’épuisement 
des cellules T CD8+ spécifiques au LCMV après infection [231].  
Des etudes antérieures à celles-ci avaient démontré que l’infection virale persistente par 
ce virus résultait sur une augmentation de la production d’IL-10 par les cellules 
présentatrices d’antigènes, ce qui induisait au final sur une réponse altérée des cellules T 
[235, 236]. L’infection de souris ne produisant pas d’IL-10 (KO pour l’IL-10) résulte sur 
une réponse effectrice robuste médiée par les cellules T, une élimination rapide du virus, 
et le développement de cellules T antivirales mémoires. Des résultats similaires ont été 
obtenus lors de l’injection d’anticorps bloquant les effets biologiques de l’IL-10 suite à 
l’infection [236, 237]. L’IL-10 produite lors de l’infection inhibe les fonctions mémoires 
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et effectrices des cellules T CD4+ dans le cas de l’infection aigüe qui est rapidement 
résolue [238]. Le fait d’inhiber cette cytokine permet donc de restaurer leurs capacités 
effectrices. Ces études suggèrent que l’IL-10 agit comme une molécule 
immunosuppressive conduisant à une persistence du virus, à un affaiblissement et un 
épuisement de la réponse antivirale médiée par les cellules T. 
Ces études réalisées sur ces deux cytokines révèlent donc la complexité qui existe dans 
la compréhension du rôle des facteurs solubles nécessaires au développement d’une 
réponse antivirale rapide et efficace.   
Le fait que l’IL-21 possède un rôle pléïotropique sur les différents bras de la réponse 
immunitaire nous amène à proposer cette cytokine comme le ou l’un des facteurs clefs 
fournit par les cellules T CD4+ pour orchestrer la réponse immunitaire antivirale et 
promouvoir les fonctions effectrices des cellules T CD8+ lors d’infections virales 
chroniques. 
65  
3- L’interleukine-18 (IL-18) 
 
Les informations détaillées concernant cette partie ont fait l’objet de deux 
articles de revue publiés. Ces articles traitent de la biologie de l’IL-18, de son récepteur, 
de sa régulation lors de l’infection par le VIH-1, de son rôle dans l’immunopathogénèse 
du SIDA et de l’impact de son activité biologique au delà su système immunitaire. Ces 
articles ont été soumis à un processus de révision par les pairs avant leur publication. 
 
Article 2 : Iannello A, Samarani S, Debbeche O, Boulassel MR, Tremblay C, Toma C, 
Routy JP, and Ahmad A. Potential role of IL-18 in the immunopathogenesis of AIDS, 
HIV-associated lipodystrophy and related clinical conditions. 2009. Current HIV 
Research 8(2): 147-64. 
 
Article 3 : Iannello A, Samarani S, Debbeche O, Boulassel MR, Tremblay C, Toma E, 
Routy JP, and Ahmad A. Role of Interleukin-18 in the development and pathogenesis of 
AIDS. 2009. AIDS Reviews 11(3): 115-25. 
 
Résumé : L’interleukine-18 est une cytokine pléïotropique pro-inflammatoire qui est 
souvent produite en réponse aux infections virales. Elle joue un rôle important dans la 
réponse immunitaire innée et acquise. Dans la circulation sanguine, l’IL-18 est liée à 
son antagoniste naturel appelée Interleukin-18 Binding Protein (IL-18BP). Cet 
antagoniste est induit de façon rétroactive en réponse à une augmentation de la 
production d’IL-18. Dépendamment du contexte, l’IL-18 peut augmenter la réponse 
Th1, Th2 ou Th17. Plusieurs groupes de recherche ont démontré que les concentrations 
et l’activité biologique de cette cytokine étaient augmentées chez les patients infectés 
par le VIH-1. Dans ces articles, nous discutons comment l’activité biologique de l’IL-18 
peut contribuer au développement et à l’immunopathogénèse du SIDA. Nous 
commentons son impact sur le syndrôme de lipodystrophie associé au personnes 
infectées par le VIH-1 ainsi que son rôle dans les problèmes métaboliques observables 
chez ces patients. Nous discutons finalement de l’élaboration possible de stratégies 
ciblant le système IL-18/IL-18BP afin de traiter les patients infectés par le VIH-1. 
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Potential Role of IL-18 in the Immunopathogenesis of AIDS, HIV-
Associated Lipodystrophy and Related Clinical Conditions 
Alexandre Iannello1,2, Suzanne Samarani1,2, Olfa Debbeche1,2, Mohamed-Rachid Boulassel3,
Cécile Tremblay2,4, Emil Toma2,4, Jean-Pierre Routy3 and Ali Ahmad,1,2 
1Laboratory of Innate Immunity, CHU-Sainte Justine Research Center; 2Department of Microbiology & Immunology, 
University of Montreal; 3McGill University Health Center, McGill University, Canada; 4Division of Infectious Diseases, 
CHUM-Hotel Dieu 
Abstract: IL-18 is a pleiotropic and multifunctional proinflammatory cytokine that is often produced in response to a 
viral infection. The biological activities of the cytokine are tightly controlled by its natural antagonist, IL-18 binding 
protein (IL-18BP), as well as by activation of caspase-1, which cleaves the precursor form of IL-18 into its biologically 
mature form. The cytokine plays an important role in both innate and adaptive antiviral immune responses. Depending 
upon the context, it can promote TH1, TH2 and TH17 responses. Increased serum concentrations of IL-18 and 
concomitantly decreased concentrations of its natural antagonist have been described in HIV-infected persons as 
compared to HIV-seronegative healthy subjects. We discuss in this review article how increased biological activities of 
IL-18 contribute towards immunopathogenesis of AIDS, HIV-associated lipodystrophy syndrome and related metabolic 
disturbances. While the advent of potent anti-HIV drugs has significantly enhanced life span of HIV-infected patients, it 
has also increased the number of these patients suffering from metabolic disorders. The cytokine may prove to be a useful 
target for therapeutic intervention in these patients. 
Keywords: Adipose tissue, AIDS, cytokines, HIV-1, IL-18, IL-18BP, lipodystrophy. 
INTRODUCTION 
 Viral infections usually induce production of several 
cytokines from the host cells. They do so by stimulating one 
or more so-called pattern recognition receptors (PRRs), 
which recognize certain pathogen-associated molecular 
patterns (PAMPs). The PRRs like Toll-like receptors (TLRs) 
occur on the cell surface and/or intracellularly in endosomal 
membranes and monitor extracellular environment and 
endosomes for the presence of PAMPs (reviewed in [1, 2]). 
The PRRs like nucleotide-binding and oligomerization 
domain (NOD)-like receptors (NLR), and Dex/DH box and 
CARD containing the retinoic acid-induced gene (RIG)-1 
like RNA helicases (RHL) occur mainly in the cell 
cytoplasm and act as intracellular sensors for the PAMPs 
that have gained access to the interior of the host cells 
(reviewed in [3, 4]). A wide variety of bacterial and viral 
proteins, lipoproteins, nucleic acids, cell wall constituents, 
endo- and exotoxins, etc may act as PAMPs for one or more 
of the PRRs. After binding with their cognate PAMPs, the 
PRRs activate signaling cascades that culminate in the 
induction of several proinflammatory cytokines and 
chemokines from the host cells. The virus-induced cytokines 
and chemokines activate and chemoattract neutrophils, 
macrophages and natural killer (NK) cells in an attempt to 
kill and eliminate the infected cells. At the same time, they 
activate dendritic cells (DC) and initiate inflammatory and  
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pathogen-specific immune responses [5, 6]. If the host 
immune responses successfully eliminate the pathogen, the 
cytokine production falls back to their base levels. However, 
pathogens like Human Immunodeficiency Virus type 1 
(HIV) have evolved many immune escape mechanisms. 
Consequently, the infection persists and the host continues to 
produce cytokines, which may cause chronic inflammation, 
tissue destruction and overactive but ineffective immune 
responses (reviewed in [7, 8]). An optimal production of 
these cytokines is essential not only for the innate host 
resistance to pathogens but also for the induction, 
amplification and maintenance of the pathogen-specific 
immunity. The type of the cytokines induced in the host also 
determines the qualitative nature of the pathogen-specific 
immune response. It may induce differentiation of naïve 
CD4+ T cells into predominantly TH1, TH2, TH17 or Treg 
type effector/memory cells (Fig. (1); reviewed in [9]). It has 
been well documented that the responses mediated by TH1 
type cells are more effective in protecting the host from 
intracellular pathogens like viruses, whereas those mediated 
by TH2 type cells promote allergic responses to expel 
extracellular parasites and allergens. TH17 cells provide 
additional protection against extracellular bacteria and are 
potent inducers of inflammation, tissue destruction and 
autoimmunity. 
 A predominance of TH2 type cytokines was observed in 
HIV-infected/AIDS patients long ago and was postulated to 
be responsible for the inability of the host to eliminate and 
control the viral infection. Recent studies at single cell level 
also are in conformity with these earlier observations [9, 10]. 
It is believed that many of the immune abnormalities that 
occur in HIV-infected patients result from a dysregulated 
production of several immunologically important cytokines. 
For example, several researchers have reported decreased 
[adresse(s) courriel retirée(s)]
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production of IL-12, IL-15 and IL-21, and increased 
production of TGF-1 and IL-10 in HIV-infected/AIDS 
patients ([11-14]; reviewed in [15]). Several researchers 
including us have reported increased concentrations of IL-18 
in the sera of HIV-infected/AIDS patients [16], (reviewed in 
[17]). This review discusses potential implications of the 
increased concentrations of this cytokine for anti-viral 
immune responses, pathogenesis and immunotherapy in 
HIV-infected AIDS patients. The review will begin with an 
overview of the IL-18 immunobiology. 
IL-18, ITS PRODUCTION AND SECRETION 
 IL-18 was first discovered in 1989 as the “IFN--
inducing factor” present in the serum of mice infected with 
the BCG strain of Mycobacterium bovis, and challenged 
with lipopolysaccharide (LPS). The factor induced IFN-
production in IL-2-treated splenocytes taken from normal 
mice [18]. The cytokine was rediscovered, cloned and named 
as IL-18 in 1995 [19, 20]. It is a multifunctional and 
pleiotropic proinflammatory cytokine that is produced by 
activated macrophages, myeloid type dendritic cells, Kupffer 
cells, keratinocytes, articular chondrocytes, intestinal and 
airway epithelial cells, microglial and ependymal cells of 
brain as well as by certain neurons in the medial habenular 
nucleus. The gene is expressed in many tissues and organs 
including thymus, liver, lung, spleen, intestines, placenta, 
heart, kidney, brain, prostate, pancreas, adipose tissue, 
skeletal muscles, bone, cartilage, adrenal cortex and 
neurohypophysis (reviewed in [21, 22]). These cells and 
tissues usually express IL-18 gene and protein constitutively 
and increase their expression in response to infection, cold 
and LPS. Physical and mental stress can also stimulate IL-18 
production via hypothalamus-pituitary-adrenal axis by 
releasing adrenocorticotropic hormone or ACTH [23]. 
Dendritic cells produce this cytokine constitutively and 
increase its secretion when they interact with other cells 
involving CD40/CD40L [24]. 
 IL-18 belongs to the IL-1 family of cytokines (reviewed 
in [25]). All members of the family fold into a similar -
pleated trefoil structure. Like IL-1 and IL-33, IL-18 is 
produced as an inactive 24 kD precursor protein containing 
192 amino acids. It has an unusual signal peptide of 35 
amino acids and hence is not secreted via conventional 
secretory pathways. Within the cytoplasm, the precursor is 
cleaved on the carboxyl side of its aspartate 36 by the IL-1
converting enzyme (ICE) into mature biologically active 18 
kD cytokine [26]. ICE-KO mice synthesize but do not 
process IL-18 precursor [27]. ICE is a member of a family of 
Fig. (1). Effects of IL-18 on cytokine network regulating differentiation of naïve CD4+ T cells. Dashed lines denote inhibition or 
antagonism, and full ones indicate promotion of the development and differentiation process. 
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cysteine-aspartate proteases called caspases, and is more 
commonly known as caspase-1. The caspase itself is also 
produced in the cells as an inactive 45 kD precursor, which 
must be activated before it could cleave the cytokine 
precursor. In addition to ICE; certain other proteases 
produced by mast cells (chymase) and neutrophils 
(proteinase 3, elastase, matrix metalloproteinase (MMP)-9, 
etc) can also cleave the extracellular IL-18 precursor into 
biologically active forms. Some proteases (e.g., caspase-3) 
may cleave the precursor into biologically inactive 
components. Thus, the secretion of biologically active 
mature IL-18 from macrophages requires two signals 
emanating from two distinct families of PRRs, (reviewed in 
[28, 29]; see Fig. 2). The first signal comes from TLRs upon 
binding with their cognate ligands, and enhances 
transcription and translation of the precursor form. The 
second signal comes from a variety of stimuli and results in 
the assembly of certain NLRs into a multiunit complex 
called “inflammosome”, which acts as a platform for 
activating caspase-1, processing of IL-18 precursor and its 
secretion from the cells (reviewed in [28, 29]). The 
requirement of the two distinct signals for the secretion of 
biologically active IL-18 is probably a safeguard mechanism 
to prevent excessive production of this cytokine that may 
cause tissue damage. A well-studied model of the second 
signal is binding of ATP to a purinergic receptor P2X7R, an 
ATP-gated ion channel, expressed on the surface of IL-18 
producing cells, e.g., macrophages ([30]; see below). The 
second signal also causes secretion of the cytokine from the 
cells in exosomes as mutivesicular bodies [30]. 
 A typical NLR (also known as Caterpiller, NOD, NOD-
LRR or NACHT-LRR) is characterized by the presence of a 
C-terminal ligand-binding leucine-rich repeats (LRR), a 
centrally located nucleotide binding and oligomerization 
(NOD) domain, and an N-terminal effector (Pyrin, CARD: 
Caspase recruitment domain or BIR: Baculovirus inhibitor of 
apoptosis repeat) domain. To date more than twenty distinct 
members of the NLR family have been identified (reviewed 
in [3, 31]). Only a few members of the family assemble into 
inflammosomes, while others form multiprotein complexes 
called apoptosomes and nodosomes, which regulate cell 
death, and activate NF-B, respectively. Still others may act 
as accessory proteins to scaffold the multiunit NLR 
complexes. Three NLR members, NALP-1, NALP-2 and 
NALP-3 assemble into inflammosomes and recruit precursor 
caspase-1 into these complexes via an adaptor and 
scaffolding protein ASC (Apoptosis-associated Speck-like 
protein containing a Caspase recruitment doomain) and 
related proteins, which help in the oligomerization and 
protein-protein interactions within the complexes. Normally 
NLRs exist in auto-inhibited monomeric forms. A variety of 
stimuli cause their assembly into inflammosome 
accompanied by activation and auto-cleavage of caspase-1 
into its mature form, which then cleaves the precursor forms 
of IL-18 and related cytokines (IL-1 and IL-33). It is not yet 
clear how NALP proteins recognize their ligands via their 
LRR domains and how these ligands get access to these 
receptors within the cytoplasm of the cells. Recent studies 
have shown that a diverse array of substanses, e.g., 
phagocytosed urate and silica crystals, aluminum 
compounds, amyloid  crystals, intracellular bacteria and 
their products, bacterial and viral nucleic acids, etc can cause 
activation of caspase-1 and secretion of active IL-1 [32-36]. 
Some pore-forming bacterial toxins, e.g., listeriolysin O, 
nigericin and maitotoxin can also cause activation of 
caspase-1. It is believed that these toxins open channels 
within the plasma membrane of the cell giving access to 
various ligands to NLRs and/or cause efflux of K+ from the 
cells. The binding of extracellular ATP to P2X7R causes 
translocation of a protein pannexin-1 (a hemichannel) from 
the cytoplasm to the receptor. The channel provides access to 
extracellular ATP to the cell interior. It also allows efflux of 
K+ from the cell. NLRs are believed to sense this efflux. It 
appears that some infammosomes may sense cell integrity 
via rupture of lysosomal membranes, as the rupture may 
allow lysosomal constituents like cathepsin B to gain access 
to the cell interior. Direct intracellular injection of cathepsin 
B and rupture of lysosomal membranes have also been 
shown to cause inflammosome assembly and activation of 
caspase-1 [29, 32]. Interestingly, the cells undergoing 
necrosis, but not apoptosis, may also activate certain 
infammosomes and secrete IL-1 and IL-18 [37]. The 
recognition of a wide array of structurally diverse ligands via 
structurally similar LRR domains of various NALPs remains 
enigmatic. The assembly of certain “nodosomes” could also 
trigger oligomerization of certain “inflammosomes” and 
hence processing and secretion of mature IL-18 and related 
cytokines. For example, muramyl dipeptide (MDP), derived 
from the bacterial cell wall proteoglycan, binds NOD-2 in 
the host cell cytoplasm and activates caspase-1 via an 
inflammosome that contains NALP-1 [38]. 
 The exact molecular mechanisms that couple the 
cleavage and secretion of the mature IL-18 (and related 
cytokines) are not completely understood. It has been shown 
that cellular oxidation via nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase plays an essential role in the 
ATP-mediated secretion of mature cytokines. Thus, the 
reactive oxygen and nitrogen species that increase NADPH 
oxidase activity also result in the processing and secretion of 
IL-18. Antioxidants, however, only partially block this 
oxidation. Since free ATP does not exist outside cells and 
only stressed and injured cells release it, IL-18-producing 
cells sense it as a “danger signal” and respond by secreting 
proinflammatory cytokines. It is noteworthy that along with 
the cleaved cytokine, some precursor cytokine is also 
secreted. This may be degraded or activated depending upon 
the type of the proteases present in the extracellular milieu. 
In the presence of inhibitors of caspase-1, ATP causes 
secretion of only precursor IL-18. Gain-of-function 
mutations in certain NALPs have been documented. As 
expected, the individuals with these mutations suffer from a 
variety of chronic autoinflammatory diseases (reviewed in 
[3, 22, 31]). 
IL-18 RECEPTOR 
 IL-18 exerts its biological effects on target cells via a
specific receptor called IL-18 receptor (IL-18R), which is 
expressed on a wide variety of body cells, e.g., vascular 
endothelial cells, NK, NKT, B, dendritic and TH1 type CD4+
T cells, basophils, mast cells, synovial fibroblasts, 
adipocytes, etc [39, 40]. The receptor comprises two units, 
and  chains, whose extracelluar and intracellular regions 
contain Ig-like and Toll/IL-1R (TIR) domains, respectively. 
Extensive mutagenesis studies have shown that IL-18 has 
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three binding sites for its receptor: Two bind with the IL-
18R chain and the third binds with the IL-18R chain [41]. 
Upon binding of IL-18 to the receptor, the TIR domains 
transduce signals via MyD88-IRAK-TRAF-6, and activate 
NF-B and MAPK (ERK1/2, p38 and JNK; reviewed in 
[22]). The cytokine can also activate PI3-K and other 
pathways in MyD88-independent fashion (see details in Fig. 
3). 
CONTROL OF IL-18 ACTIVITY IN THE BODY 
 IL-18 is a powerful proinflammatory cytokine. Its 
biological activity is tightly controlled in vivo by a naturally 
occurring antagonist, IL-18 binding protein (IL-18BP; [42, 
43]). The antagonist-bound IL-18 can bind to the “” chain 
of the IL-18R but cannot recruit its  chain and transduce 
signals. The antagonist is produced constitutively in the 
human body by a wide variety of cells and tissues. The 
protein is produced as a negative feed back mechanism in 
response to IL-18. In this regard, IL-18-induced IFN- acts 
as a powerful stimulus for the production of this protein. 
Gamma Interferon-activated sequences (GAS) and interferon 
regulatory factor-response elements (IRF-RE) are present in 
the promoter region of the IL-18BP gene [44, 45]. The 
human IL-18BP exists in four isoforms designated “a”, “b”, 
“c” and “d”. The isoforms result from alternate splicing of 
the mRNA [42]. Of these isoforms, only “a” and “c” bind 
with, and inactivate IL-18. Furthermore, the “a” isoform 
binds IL-18 with 10-fold higher affinity than the “c” isoform, 
and accounts for most of the IL-18 neutralizing activity in 
the circulation of human body. IL-18BP bears no homology 
with IL-18R. It binds with IL-18 in 1: 1 stoichiometry with 
an affinity that is several orders of magnitude higher than 
that of IL-18 for its receptor. The high affinity complex 
formed has a very low dissociation rate. At equimolar 
concentrations, the “a” isoform can neutralize about 50% IL-
18, reaching up to 95% at a molar excess of 2. The 
circulating levels of IL-18 increase sharply in sepsis; 
however, most of it exists in inactive state, bound with IL-
18BP [46]. In in vitro experiments, IL-18BP impairs TH1 
responses by inhibiting IL-18-mediated production of IFN-
and activation of NF-B [43, 47]. By inhibiting IL-18-
induced IFN- production, IL-18BP promotes prostaglandin 
production from human PBMC [48]. It protects mice from 
collagen-induced arthritis [49]. The antagonist may also 
protect the host from viral infections by neutralizing the 
virus-induced IL-18. Therefore, it is not surprising that 
Fig. (2). Signals needed for production of biologically active IL-18. Two signals needed for the production of biologically active IL-18 
from various human cells are depicted. The stress induces IL-18 production via endocrine (more specifically hypothalamus-pituitary-adrenal 
or HPA) pathway. ACTH: Adrenocorticotropic hormone, CRH: Corticotropic releasing hormone, DAMPS: Danger-associated molecular 
patterns, DRR: Danger recognition receptors, PRR: Pattern recognition receptors, RLH: RIG-like RNA helicases. A question mark (?)
indicates unknown signals or receptors. 
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human poxviruses, ectromelia, vaccinia and cowpox have 
usurped the IL-18BP gene and have incorporated it into their 
genomes. The viral gene acts as a virulence factor, as its 
expression attenuates host’s IL-18 response. The poxviruses 
with mutant viral IL-18BP gene become relatively avirulent 
in mice [50, 51]. The viral IL-18BP is immunosuppressive 
and has anti-inflammatory properties [50]. 
Fig. (3). IL-18-induced signaling cascade. Upon binding of mature IL-18 to its receptor, TIR domains present in the cytoplasmic domains 
of the receptor chains recruit IRAK-4 via adapter protein MyD88. IRAK-4 autophosphorylates, dissociates from the complex and activates 
IRAK-1, which in turn phosphorylates and activates E3 ligases, TRAF-6 and TRAF-3. IL-18 activates three major signaling pathways, NF-
B, MAPK and IRF as depicted in the Figure. The pathway leading to STAT-3 activation is unknown. The genes activated or repressed by 
the IL-18-induced signaling in various human cell types are also shown. IRAK: IL-1 receptor-associated kinase, TRAF: TNF receptor-
associated factor, IKK: Inhibitor of IB kinase, OPN: Osteoprotein precursor, TAK-1: TANK (TRAF-associated NF-B activating kinase) 
activating kinase-1, TAB: TAK-1 binding protein, AP-1: Activation protein-1, IRF: Interferon regulatory factor, GM-CSF: Granulocyte-
macrophage-colony stimulating factor, LPL: Lipoprotein lipase. 
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 Another member of the IL-1 superfamily, IL-1F7, is also 
processed by casapse-1. Its splice variant, IL-1F7b, 
complexes with IL-18BP and enhances its IL-18-neutralizing 
activity. It can also bind the IL-18R chain weakly but 
cannot recruit the  chain and transduce signals ([52]; 
reviewed in [53]). 
BIOLOGICAL ACTIVITIES OF IL-18 
 As mentioned above, IL-18 is a member of the IL-1 
family. All members of the family usually induce fever and 
exert pro-survival effects on target cells. However, IL-18 is a 
unique member of the family, as it does not induce fever and 
has proapoptotic effects [22, 54]. IL-18 exerts many other 
biological effects: it induces production of IFN-, TNF-,
IL-8, IL-1, MIP-1, NO and matrix metalloproteases from 
several cell types including T and NK cells; induces 
expression of adhesion molecules on vascular endothelial 
cells; promotes maturation of NK and T cells and increases 
their cytotoxicity via increased expression of FasL and 
perforin; regulates pathogen-specific immune responses; and 
plays a role in the homeostasis of energy (see Table 1). The 
cytokine increases expression of perforin without affecting 
expression of perforin mRNA [55]. Neutralization of IL-18 
prevents accumulation of neutrophils in the lungs and liver 
of mice in otherwise lethal endotoxaemia induced by LPS 
from Salmonella typhimurium and Escherichia coli [56, 57]. 
Professional antigen presenting dendritic cells (DC) produce 
IL-18 as well as express its receptors. IL-18 chemoattracts 
DC to the site of viral infection and induces their maturation 
directly and indirectly [58]. IL-18 plays an important role in 
intercellular communication among DC, NK, T, B and 
endothelial cells. It induces expression of OX40L (CD134L) 
on DC. The CD134L-expressing dendritic cells induce 
differentiation and expansion of IFN- producing antigen-
specific T cells [59]. The cytokine is the most powerful 
stimulus for IL-12-induced production of IFN- from NK 
and T cells. A coordinate secretion of these two cytokines is 
very effective in invoking TH1 type immune responses. IL-
18 and IL-12-induced IFN- causes expression of IL-12R1
chain on naïve T cells and makes them responsive to IL-12 
and differentiation into TH1 type CD4+ effector/memory T 
cells. Recent studies have shown that IFN- also prevents 
differentiation of TH17 type CD4+ T cells, which are the 
most powerful inducers of inflammatory conditions and 
tissue destruction in the host (reviewed in [60, 61]). This 
may explain protective effects of IL-18-induced interferon 
from certain models of autoimmune and chronic 
inflammatory diseases. The interferon also induces antiviral 
state in the host cells. It can also induce apoptosis of virus-
infected cells by modulating expression of TRAIL and 
TRAIL receptors on human cells [62]. The protective effects 
of IL-18-induced IFN- have been demonstrated in mice 
from HSV-1 infection [63]. 
 IL-18 can effectively promote TH1 type responses by 
inducing proliferation of TH1 type CD4+ T cells (reviewed 
in [64]). However, the cytokine per se does not induce 
differentiation of TH1 cells. Naïve T cells only express the 
ligand-binding IL-18R chain. The ability of IL-18 to 
amplify TH1 type responses depends upon IL-12, which 
induces expression of IL-18R chain on naïve T cells during 
their differentiation into TH1 type CD4+ T cells [65]. 
Interestingly, in the absence of IL-12, IL-18 promotes TH2 
type immune responses. The cytokine does so by inducing 
production of IL-4, IL-5, IL-9 and IL-13 from basophils and 
mast cells (reviewed in [66]). These cells constitutively 
express IL-18R and produce these cytokines in response to 
IL-18. It is noteworthy that IL-4 promotes differentiation and 
development of TH2 type CD4+ T cells. IL-13 induces 
goblet cell hyperplasia and mucus secretion, whereas IL-5 
causes eosinophilia [66]. IL-18 also induces secretion of IL-
4, IL-9 and IL-13 from ligand-activated NKT cells [67, 68]. 
Even fully differentiated TH1 type CD4+ T cells secrete TH2 
type cytokines in addition to IFN-, when they undergo 
antigen-specific stimulation in the presence of IL-18 [69]. 
Under these conditions, B cells undergo differentiation and 
produce IgE [66]. Thus, IL-18 has the potential to induce 
TH2 type responses, which promote allergic immediate 
hypersensitivity type responses needed for expulsion of 
multicellular parasites. These effects of IL-18 cannot be 
inhibited even by the presence of IL-12. This explains why 
viral infections are generally accompanied by both TH1 and 
TH2 type responses and exacerbate allergic diseases like 
Table 1. Biological effects of IL-18 
1. It induces, together with IL-12, production of IFN- from NK and T cells [65, 169-171]. 
2. It plays a role in the interactions of DC with other cell types [58, 172, 173]. 
3. With IL-12, IL-18 suppresses, and without it, promotes IgE synthesis [174, 175]. 
4. It induces proliferation of TH1 and TH17 type CD4+ effector/memory cells [61]. 
5. It activates and induces production of IL-4, IL-13 and histamine from mast cells and basophils [66, 176]. 
6. IL-18 converts TH1 type CD4+ T cells into TH2 type cytokine-producing cells upon antigenic stimulation [69]. 
7. It induces FasL expression on NK cells [91, 177]. 
8. It enhances perforin expression in NK and T cells without affecting transcription [55, 178]. 
9. It induces TNF-, IL-6, IL-1, NO, MCP-1 and PAI-1 production from a variety of human cells [54, 64]. 
10. It enhances adhesion and extravasation of blood cells by inducing expression of ICAM-1 and VCAM-1 [137]. 
11. IL-18 causes accumulation of neutrophils at inflammatory sites [56, 57]. 
12. It affects energy homeostasis and lipid metabolism [114, 166, 179]. 
13. It stimulates production of matrix metalloproteinases and tumor metastasis [180]. 
14. It induces IL-4 from ligand-activated NKT cells [67, 68]. 
15. It induces HIF and VEGF, and modulates angiogenesis [181, 182]. 
16. It promotes cartilage degradation but inhibits bone erosion [180, 183-185]. 
DC: Dendritic cells; HIF: Hypoxia-induced factor; NO: Nitric oxide; PAI-1: Type 1 plasminogen activator inhibitor; VEGF: Vascular endothelial growth factor. 
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asthma. The ability of IL-18 to promote both TH1 and TH2 
type cytokine responses in a context-dependent manner has 
earned it the name of a “switch” cytokine. The usage of this 
name should be discouraged, as the cytokine does not 
promote one or the other type of responses. Rather, it 
promotes both of them in parallel. 
 Despite a protective role of IL-18 against viral, bacterial 
and fungal infections, chronic and excessive production of 
the cytokine may cause tissue destruction and contribute 
towards virus-induced immunopathology. It is important to 
note that increased levels of IL-18 have been reported in the 
circulation of patients suffering from chronic inflammatory 
and autoimmune diseases like multiple sclerosis, hepatitis, 
Crohn’s disease, graft versus host disease, psoriasis, 
rheumatoid arthritis, etc. The cytokine plays an important 
role in the etiopathogenesis of these diseases (reviewed in 
[54]). 
 As the cytokine is produced in brain, pituitary and 
adrenal glands in response to stress and cold, it mediates 
communication among CNS, endocrine and immune system. 
The cells in the adrenal cortex that produce glucocortoids 
also produce IL-18. Furthermore, being produced in adipose 
tissue, IL-18 could play a role in energy and lipid 
homeostasis (see below). 
IL-18 PRODUCTION IN HIV INFECTION 
 As mentioned above, IL-18 is an integral part of the 
cytokine profile that is produced in response to a viral 
infection. Many viruses and intracellular pathogens induce 
its production from host cells and consequently increase 
IFN- production from NK and T cells (reviewed in [70, 
71]). This early induction of IFN- is important for inducing 
a TH1 type antiviral response and in inhibiting TH17 type 
strong inflammatory responses. The induction of IL-18, in 
response to a viral infection, is at least in part responsible for 
virus-induced activation of NK cells in the host. It appears 
that like many other viruses, HIV-1 also induces IL-18 
response in the host. A close cousin of HIV-1, SIV, induces 
the expression of this and other cytokine genes in 
experimentally infected Rhesus monkeys [72]. We could not 
find any study in literature that has investigated a direct 
effect of the virus on IL-18 production from human PBMC, 
dendritic cells or macrophages. However several researchers 
have documented increased concentrations of this cytokine 
in the circulation of HIV-infected persons. Torre et al. first 
described increased concentrations of IL-18 in the sera of 
HIV-infected symptomatic and AIDS patients but not in 
asymptomatic persons as compared with these levels in 
healthy subjects. Furthermore they found no correlation of 
the cytokine levels with viral load, CD4+ T cell counts or 
opportunistic infections in AIDS patients [73]. These results 
have been verified and extended by several researchers 
including us ([16, 74]; reviewed in [17]). We showed that the 
patients’ sera contained on the average three-fold higher 
concentrations of this cytokine as compared to their control 
counterparts. The increased IL-18 concentrations were 
associated with their increased biological activities when 
they were tested for their ability to induce IFN- from human 
T cells. We could not find any correlation of these elevated 
serum concentrations with CD4+ T cell counts, CD8+ T cell 
counts, the ratio between these two cell counts or with the 
plasma viral loads of these patients [16]. However, Stylianou 
et al. [74] found a significant correlation between 
concentrations of this cytokine and viral loads of the 
patients. They also found that anti-retroviral therapy 
decreased viral load as well as the levels of this cytokine; 
however, they always remained above normal values. The 
workers suggested that increased concentrations of the 
cytokine despite anti-retroviral therapy (ART) might indicate 
treatment failure. Collectively, these results suggest that 
HIV, its gene products and/or nucleic acids may induce 
enhanced production of this cytokine in HIV-infected 
individuals. In keeping with this notion, Sailer et al. reported 
higher levels of the cytokine in HIV-infected persons early 
in the course of the infection [75]. 
SOURCE OF IL-18 IN HIV-INFECTED PERSONS 
 Despite increased levels of IL-18 in the circulation of 
HIV-infected persons, their PBMC were reported to produce 
less amounts of this cytokine constitutively as well as in 
response to LPS and Staphylococcal bacteria [16, 76, 77]. 
The decreased production occurred both at the protein and 
mRNA levels. David et al. noted correlation between the 
decreased IL-18 and IL-2 mRNAs in the PBMC of HIV-
infected patients [76]. Interestingly, the production of IL-18 
from the PBMC in response to LPS correlated with the 
serum levels of the cytokine in HIV-seronegative healthy 
subjects but not in HIV-infected individuals. The expression 
of caspase-1, which processes IL-18 precursor into its 
biologically active form, was also reduced in the PBMC of 
HIV-infected persons as compared to those in HIV-
seronegative healthy control subjects [16]. The reduction 
was seen both in the precursor and activated forms of the 
protease, and was not due to reduced numbers of monocyte-
macrophages in HIV-infected persons. In this connection, 
we, and others have shown that a decreased production of 
IL-18 from the PBMC of HIV-infected persons was due to 
high concentrations of TGF-1 in the circulation of these 
patients [16, 77]. We also found a significant negative 
correlation between IL-18 production from the PBMC of 
HIV-infected persons and their serum TGF-1 levels. 
Neutralizing this cytokine with cytokine-specific antibodies 
significantly augmented their ability to produce IL-18 
constitutively as well as in response to LPS [16]. It was also 
shown that IL-10 could play a similar role in suppressing IL-
18 and IL-1 production from the PBMC in these patients 
[77]. Interestingly, mononuclear cells from the placenta of 
HIV-infected women were also compromised in their ability 
to produce this cytokine [78]. It may be relevant to mention 
here that the concentrations of both IL-10 and TGF-1 are 
increased in the circulation of HIV-infected persons [15]. 
 Despite a decreased production of IL-18 from the PBMC 
of HIV-infected persons, it is not clear what contributes to 
the increased concentrations of this cytokine in their 
circulation. In an attempt to find a source of increased IL-18 
in the circulation of HIV-infected persons, we discovered 
that human platelets contain abundant amounts of this 
cytokine and release it upon activation into the circulation 
[79]. Platelet activation occurs in HIV-infected persons and 
this activation contributes to increased IL-18 levels present 
in the circulation of these individuals. In this regard, we 
observed a significant positive correlation between platelet 
activation and circulating IL-18 levels in HIV-infected 
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persons [79]. It is noteworthy that IL-18 is also induced in 
response to anxiety, physical and psychological stress via 
hypothalamus-pituitary-adrenal (HPA) axis in animal 
models. Given that HIV-infected persons undergo enormous 
amounts of emotional and psychological stress, these organs 
could potentially contribute to increased IL-18 levels in the 
circulation. Furthermore, intestinal epithelial cells also 
contain preformed IL-18 and release them in response to a 
variety of stimuli [54, 80]. A wide spread infection of CD4+
T cells and macrophages present in the gastrointestinal tract 
could also stimulate the release of this cytokine from the 
intestinal epithelial cells [81]. 
IL-18BP IN HIV-INFECTION 
 As stated above most of the circulating IL-18 is bound 
with IL-18BP and is biologically inactive. This protects the 
body from potentially harmful proinflammatory effects of 
the cytokine. We found a severe imbalance in the production 
of IL-18 and IL-18BP in HIV-infected persons (Iannello et
al. submitted; reviewed in [82]). The serum concentrations 
of these two soluble mediators correlate with each other in 
HIV-seronegative healthy subjects. However no such 
correlation existed between them in HIV-infected persons. 
Contrary to the concentrations of IL-18, those of IL-18BP 
were significantly decreased in HIV-infected persons as 
compared to their healthy counterparts. An increase in the 
serum concentrations of IL-18 was not accompanied by a 
corresponding increase in its antagonist. Rather the 
concentrations of the antagonist were decreased in these sera. 
Consequently, the concentrations of biologically active free 
IL-18 were further increased in the sera of HIV-infected 
persons. Indeed we have earlier reported increased biological 
activity of IL-18 in the sera of HIV-infected AIDS patients 
[16]. The caveat is that these results were based upon the 
measurement of only “a” isoform of IL-18BP. However, 
since this isoform is mainly responsible for neutralization of 
IL-18 in humans, it is reasonable to conclude that IL-18BP is 
decreased in these patients. As mentioned above, this protein 
is produced as a negative feed back mechanism in response 
to IL-18-induced IFN-. Decreased production of IL-12, IL-
15 and IL-21 has been reported in HIV-infected persons 
(reviewed in [15]). In the absence/deficiency of these 
cytokines, IL-18 has little capacity to induce IFN-
production. Indeed a decreased production of IFN- has been 
documented in the circulation of HIV-infected persons ([83, 
84]; see below). The decreased production of this interferon 
may be at least in part responsible for decreased production 
of IL-18BP in these patients. Furthermore, we have obtained 
evidence that HIV-1 infection inhibits production of IL-
18BP in human monocyte-derived macrophages (Iannello et
al. submitted; reviewed in [82]). This may further explain 
the imbalance in the production of IL-18 and IL-18BP in 
HIV-infected patients. Imbalance in the production of IL-18 
and its natural antagonist has also been reported in secondary 
haemophagocytic syndrome (SHS), hepatic cirrhosis, 
Crohn’s disease, lupus nephritis and sepsis in humans [46, 
85-88]. In these conditions, the levels of IL-18 increase in 
the circulation, but these increases are not accompanied by 
corresponding increases in the production of IL-18BP. 
Consequently, the levels of free biologically active cytokine 
are more increased than those indicated by measurements of 
the total cytokine. For example, Novick et al. [46] have 
reported that the levels of IL-18 are increased by 20-fold as 
compared with a 10-fold increase in levels of IL-18BP in 
sepsis patients. This imbalance in the production of these 
two soluble mediators results in increased levels of free 
biologically active IL-18. 
EFFECTS ON ANTIVIRAL IMMUNITY 
 As mentioned above, the ability of IL-18 to promote TH1 
responses depends upon IL-12, which induces expression of 
IL-18R on TH1 type CD4+ T cells. In the absence/deficiency 
of IL-12, IL-18 acts on mast cells, basophils, and NKT cells, 
and induces production of IL-4, which promotes TH2 type 
responses in the body (reviewed in [66]). A decreased 
production of IL-12 has been well documented in HIV-
infected persons. The defective production occurs early in 
the course of the infection [13, 15]. In addition to IL-12, 
decreased production of IL-15 and IL-21 has been well 
documented in the infected persons [11, 14, 15]. These are 
the cytokines that work in synergy with IL-18 for inducing 
IFN- and other cytokines from NK and T cells. Therefore it 
is very unlikely that IL-18 could promote increased IFN-
production and consequently decrease HIV replication in 
these patients. Decreased numbers of IFN- producing, but 
not of IL-4-producing, T cells as well as decreased levels of 
IFN- have been observed in the circulation of HIV-infected 
persons [83, 84] and support this notion. A decreased 
production of this interferon could also occur due to 
increased production of other immunosuppressive cytokines 
e.g., TGF-1 and/or IL-10, in these patients (reviewed in [10, 
15]). A decreased production of IFN- and a predominance 
of TH2-like responses in this infection have been 
incriminated in the pathogenesis of AIDS (reviewed in [89]). 
 Increased IL-18 concentrations have been reported in the 
circulation of several chronic inflammatory conditions and 
infections. These conditions are often accompanied by 
decreased numbers of NK cells as well as by their reduced 
cytotoxic activities [88, 90]. Interestingly, researchers have 
discovered an inverse correlation between serum IL-18 
levels and NK cell numbers in these patients. It appears that 
IL-18 somehow resulted in the depletion of NK cells in these 
patients [88, 90]. We found a similar inverse correlation 
between serum IL-18 concentrations and NK cell numbers in 
HIV-infected persons [91]. This correlation existed between 
the cytokine and all major subsets of NK cells: CD3-CD56+,
CD3-CD16+ and CD56+CD16+. Furthermore, we found that 
the cytokine induced fratricidal killing of NK cells by a 
mechanism that involved Fas-FasL interactions and TNF-.
Recombinant human IL-18 induced expression of FasL on 
the cell surface in primary human NK cells as well as in an 
established human NK cell line. The cytokine stimulates the 
FasL gene promoter and hence increases transcription from 
the gene. Furthermore, the cytokine increases sensitivity of 
human NK cells to apoptotic stimuli by decreasing 
expression of an anti-apoptotic protein Bcl-XL, without 
affecting the expression of Bcl-2. Although IL-18-treated 
NK cells may increase killing of Fas-expressing target cells, 
they may also kill other NK cells, which constitutively 
express Fas on their surface. It is noteworthy that decreased 
NK cell numbers and their compromised functional activities 
have been well documented in HIV-literature (reviewed in 
[15]). Thus, increased IL-18 concentrations may play a role 
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in causing defects in the NK cell compartment in HIV-
infected patients. 
EFFECTS ON HIV REPLICATION 
 The effects of IL-18 on HIV replication remain 
controversial (see ref [17] for a review). The cytokine has 
been shown to enhance HIV replication in vitro in 
chronically infected human monocytic and T cell lines [92, 
93] as well as in an acutely infected T cell line [94]. The 
increased viral replication in the monocytic cell line was 
ascribed to the cytokine-induced activation of NF-B and 
p38 MAPK, and involved IL-6 and TNF- [92, 94]. Contrary 
to the results from these studies, one group of researchers 
reported that the cytokine inhibits, and its antagonist IL-
18BP promotes HIV replication in human PBMC. The 
inhibition of the viral replication was reportedly due to 
increased production of IFN- in the cell cultures [95]. The 
authors also documented a decrease in the expression of 
CD4 in IL-18-treated PBMC cultures. Although IL-18 could 
potentially decrease HIV replication via inducing IFN- from 
NK and T cells, it most likely does not happen in these 
persons. In a relatively more recent study [75], the 
researchers noted a close association between IL-18 and 
IFN- levels of whole blood after stimulation with LPS in 
HIV-seronegative subjects. Despite observing enhanced 
levels of IL-18 in the whole blood in HIV-infected persons, 
they unexpectedly observed decreased levels of IFN- in the 
circulation of these patients as compared with those in HIV-
seronegative healthy control subjects. These observations 
suggest that increased IL-18 concentrations in the circulation 
of HIV-infected persons do not result in enhanced IFN-
levels. The probable reasons could be decreased 
concentrations of IL-12, IL-21 and IL-15, and increased 
production of TGF-1 and IL-10. Therefore, IL-18-mediated 
inhibition of HIV replication via this interferon may be 
compromised in HIV-infected persons. The authors [75] 
have also observed that increased IL-18 levels correlated 
with decreased expression of CXCR4 on the patients’ 
PBMC. The authors suggest an antiviral role of IL-18 due to 
its association with a decreased expression of the viral co-
receptor CXCR4. However there is no direct experimental 
proof of the ability of IL-18 to decrease the expression of 
CXCR4 on human cells. It is noteworthy that in our hands 
recombinant human (rh) IL-18 increases HIV replication in
vitro in purified human CD4+ T cells (our unpublished data). 
In animal models of Rhesus macaques and Cynomolgous 
monkeys, pathogenic, but not non-pathogenic chimeric 
SIV/HIV-1 (SHIV) viruses caused increased IL-18 levels, 
which were associated with more rapid disease progression 
(loss of CD4+ T cells), and a higher viral load set point [96]. 
Thus increased IL-18 concentrations in vivo seem to 
contribute towards disease progression. Nevertheless, it has 
been argued [97] that these increased levels of the cytokine 
represent a protective host response. They argue that 
neutralizing this IL-18 could have worsened the disease 
condition in these animals. Given that this response does not 
protect the infected animals, a counterargument that 
neutralizing IL-18 may benefit the host would seem more 
logical. Furthermore, in HIV-infected NOD-SCID mice, IL-
18 administration increased HIV replication [98]. Taken 
together, it would be reasonable to conclude that raised IL-
18 concentrations in HIV-infected persons contribute 
towards enhanced HIV replication. In line with this 
conclusion, raised serum levels of IL-18 in HIV-infected 
subjects have been associated with AIDS progression. The 
levels are higher in progressors but tend to remain stable in 
non-progressors [74]. In this regard anti-retroviral therapy, 
especially HAART, decreases the cytokine concentrations. 
However the levels always remain above normal and do not 
correlate with CD4+ T cell counts [74]. It may be interesting 
to note that recombinant infectious clones of SIV that carried 
the simian IL-18 gene in the sense or anti-sense orientations 
had no effect on any virological or immunological 
parameters when injected in Rhesus macaques [99]. The 
clone with the IL-18 gene in the sense orientation induced 
only a slight increase in serum IFN- levels in early phase of 
the infection. No effect of the IL-18 gene expression was 
observed on viral replication [99]. Therefore, the collective 
evidence suggests that increased IL-18 concentrations in the 
sera of HIV-infected persons may not inhibit HIV 
replication; they may rather enhance it both directly in 
combination with other immunosuppressive cytokines, and 
indirectly by blunting antiviral immunity. 
ROLE OF IL-18 IN HIV-ASSOCIATED LIPODYSTRO- 
PHIC  SYNDROME (HALS) 
 What is HALS: First described in 1998 [100], the 
syndrome is characterized by fat redistribution, dyslipidemia, 
hypercholesterolemia, hyperlactatemia and systemic insulin 
resistance. The patients usually lose subcutaneous fat on face 
(“empty cheek syndrome”), arms, legs and upper trunk, and 
accumulate around viscera, breast and at ectopic locations, 
e.g., in the dorsocervical region giving rise to “buffalo 
hump” condition. It has been estimated that more than one 
third of the HIV-infected patients undergoing anti-retroviral 
therapy manifest HALS. The syndrome may also occur in 
the infected persons without receiving any therapy. 
However, anti-retroviral drugs especially reverse 
transcriptase inhibitors (RTI) and protease inhibitors (PI) 
hasten and exacerbate the condition ([101]; reviewed in 
[102]). Experimental studies have shown that wasting of the 
subcutaneous adipose tissue (lipoatrophy) occurs in this 
clinical condition due to inhibition of differentiation of pre-
adipocytes as well as due to increased lipolysis and apoptosis 
in adipocytes [102, 103]. Fig. (4) shows how 
proinflammatory cytokines may interfere with the 
differentiation process of adipocytes. The number of cells 
undergoing apoptosis is markedly increased in the 
subcutaneous adipose tissue (SAT) of HALS patients. 
Increased lipolysis causes release of glycerol and non-
esterified free fatty acids (FAA) that causes hyperlipidemia. 
FAAs increase insulin resistance (IR), induce production of 
proinflammatory mediators (e.g., IL-6 and TNF-) from 
macrophages, and inhibit lipoprotein lipase (LPL) activity. 
They are also toxic to insulin-producing -cells of pancreas 
[102]. 
 The expression of the CCAAT/enhancer binding protein 
(C/EBP)- and Peroxisome proliferator activated receptor 
(PPAR)-, which are necessary for adipogenesis, is reduced 
in lipoatrophic adipose tissue in HALS. The expression of 
the PPAR- co-activator (PGC)-1, which regulates 
biogenesis of mitochondria, is also reduced in the adipose 
tissue in this syndrome. Furthermore, the respiratory chain in 
mitochondria of the adipose tissue becomes defective. Due 
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to reduced expression of the uncoupling protein-2 (UCP-2; 
that controls ROS production), the mitochondria produce 
more reactive oxygen species (ROS), which cause oxidative 
stress to AT. ROS also induce increased production of 
proinflammatory mediators (see below). 
 Studies have also shown that accumulation of fat at 
ectopic places, e.g., dorsal region of neck (the “buffalo 
hump” condition), pubis and trunk, represents a distinct 
disturbance of adipose tissue. It results from accumulation of 
adipocytes, which express markers of brown adipocytes, e.g., 
smaller size, multilocularity, expression of UCP-1 and the 
proliferating cell nuclear antigen (PCNA; reviewed in [104]). 
Brown adipocytes specialize in burning lipids for the 
production of heat. Each cell has many small lipid vacuoles 
(multilocular) and often expresses markers of cell 
proliferation (e.g., PCNA). The cells are rich in 
mitochondria, whose iron-rich proteins confer characteristic 
brown appearance to these cells. Another feature of these 
cells is expression of the mitochondrial uncoupling protein 
(UCP)-1 (also known as thermogenin), a proton transporter 
that short-circuits oxidative phosphorylation to energy 
production in the form of heat. Recent studies have 
demonstrated the existence of functional brown adipose 
tissue (BAT) in substantial amounts in the paracervical and 
supraclavicular regions in adult humans [105-107]. It is 
Fig. (4). Adipocyte differentiation pathway. The schematic figure depicts differentiation of 3T3-L1 preadipocytes after culturing them in 
the medium containing MID (a cocktail of differentiation-inducing mediators: methylisobutylxanthine, insulin and dexamethasone). Dashed 
lines indicate various steps at which proinflammatory cytokines inhibit the differentiation process. ACS: Acetyl co-enzyme A synthetase-2, 
CtBP: C-terminal binding protein, GLUT-4: Glucose transporter-4, Hbox: Homeobox transcription factor, KLF: Kruppel-like zinc finger 
factor, Krox-20: A zinc finger-containing transcription factor, PC: Proinflammatory cytokines like TNF-, IL-6, etc., PGC-1: PPAR- co-
activator protein-1, PRDM-16: PR domain containing protein-16. The genes shown in the box with a dotted line are expressed temporarily 
early in the differentiation process. An asterisk (*) indicates the factors known to mediate terminal differentiation of brown adipocytes. 
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noteworthy that these are the anatomical sites, where the 
“buffalo hump” anomaly develops in HALS patients. The 
“buffalo hump” adipose tissue, however, has lower levels of 
mitochondrial DNA and lacks local inflammatory response. 
It is not yet clear whether this tissue develops from a 
selective amplification of pre-existing brown adipocytes or 
results from a “browning” of white adipocytes (reviewed in 
[108]). There is some evidence to suggest that certain PI 
drugs and defective mitochondrial function may induce 
expression of UCP-1 and development of “buffalo hump” in 
HIV-infected persons [104]. In contrast to brown adipocytes, 
white adipocytes constitute bulk of adipose tissue in adult 
humans. These cells are specialized to store excess energy as 
lipids and produce a wide array of cytokines, chemokines 
and hormones often referred to as adipokines (see below) 
that affect functions of many other systems in the body. New 
adipocytes develop from the recruitment and differentiation 
of preadipocytes into fully differentiated adipocytes. The 
preadipocytes are precursors of fat cells and reside in 
vascular stroma of adipose tissues [109]. 
 Role of IL-18: It is noteworthy that IL-18 is one of 
several proinflammatory cytokines, whose concentrations are 
increased in the circulation as well as in the adipose tissues 
in HIV-infected HALS patients. The potential role of this 
cytokine in the etiopathogenesis of HALS is beginning to 
emerge. IL-18 mRNA and protein as well as IL-18R 
transcripts have been detected in the adipose tissue, 
including adipocytes, and TNF- increases this expression 
[110]. As mentioned above, concentrations of IL-18 increase 
in the sera of HIV-infected persons. Interestingly, these 
levels are significantly higher in the patients with 
lipoatrophy as compared to those of the patients without it 
[111]. The levels correlate with those of TNF-, but not with 
those of IL-6. Furthermore, an inverse correlation was found 
between IL-18 levels and the limb fat quantity, implicating 
this cytokine with lipoatrophy [111]. The level of IL-18 gene 
expression in the femoral gluteal adipose tissue correlated 
with the degree of lipoatrophy in these patients [112]. It was 
also observed that in the subcutaneous tissue, from where fat 
disappears, IL-18 gene expression is increased. In keeping 
with proapoptotic effects of the cytokine, an increased 
number of cells undergoing apoptosis were observed in 
adipose tissue aspirates obtained from the subcutaneous 
tissues of HIV-infected persons with HALS [113]. Taken 
together these studies suggest that IL-18 is implicated in the 
depletion of adipocytes from these areas. IL-18 also 
contributes towards HALS by downregulating the production 
of adiponectin. It inhibits transcription, mRNA expression as 
well as protein secretion from the adiponectin gene by 
phosphorylating NFAT-c4 via ERK1 and 2 [114]. Other 
proinflammatory cytokines such as TNF- also exert similar 
effects on adiponectin [115]. Consequently, the concentrations 
of this important anti-inflammatory mediator, which is 
produced by adipocytes, decrease in HALS patients [116]. 
Adiponectin plays an important role in antagonizing the 
adverse effects of proinflammatory cytokines on HALS and 
insulin resistance (see below). Taken together these 
observations suggest that IL-18 plays an important role in 
the lipoatrophy seen in HALS patients. 
 Contrary to the role of IL-18 in lipoatrophy, its role in the 
ectopic accumulation of fat in HALS remains unknown. As 
mentioned above, the fat accumulated in the “buffalo hump” 
condition in HALS patients resembles with brown fat in 
certain features. It is noteworthy that brown adipocytes differ 
from white ones in their cellular origins as well as 
differentiation programs. The brown adipose tissue could be 
induced in response to cold and sympathetic nervous system 
activation [117]. It would be interesting to investigate the 
effects of the cytokine on the differentiation of brown 
adipocytes. 
HAART, IL-18 AND HALS 
 Seveal studies have shown that HAART inhibits HIV 
replication and reduces levels of serm IL-18 in HIV-infected 
persons. However, the levels persist at higher levels and 
never return to their physiological levels [16, 74]. The 
sustained higher levels of the cytokine continue to exert its 
effects on the body’s adipose tissues. How HAART affects 
production of IL-18BP remains unknown. HAART often 
exacerbates HALS. Several drugs used in the HAART 
directly affect adipose tissue. For example, AZT is known to 
inhibit replication of mitochondrial DNA and biogenesis of 
mitochondria in adipocytes. Decreased numbers of 
mitochondria adversely affect functions of the adipose 
tissues [118]. Similarly, HIV protease inhibitors (PI) often 
cause cellular stress, inhibit the normal differentiation 
process of adipocytes and reduce fat storing capacity of the 
body [119]. Some of these drugs promote adipogenesis and 
induce expression of UCP-1; a feature of brown adipocytes 
[120]. These drugs are likely to promote lipohypertrophy in 
HALS. The drugs and the cytokine are likely to act in 
synergy to produce characteristic features of the “buffalo 
hump” fat in HIV-infected patients. 
IL-18 AND INSULIN RESISTANCE: 
 Production of proinflammatory cytokines from adipose 
tissues provides a link between obesity and metabolic 
disorders, e.g, insulin resistance (IR). In fact it is the 
inflammation induced by these cytokines rather than obesity 
per se that underlies obesity-associated IR, T2D and T2D-
associated nephropathy and retinopathy [121, 122]. These 
cytokines may increase IR in many ways: They interfere 
with insulin-mediated signaling, induce expression of 
suppressors of cytokine signaling (SOCS) proteins that also 
increase insulin resistance, disturb adipocyte metabolism and 
decrease ability of the adipose tissue to store lipids. 
Consequently, there is dyslipidemia and lipids start 
accumulating in ectopic places, e.g., liver, pancreas, heart 
and skeletal muscles and increase insulin resistance in these 
organs. Increased IL-18 concentrations in HIV-infected 
individuals are likely to contribute to insulin resistance and 
metabolic disorders in all these fashions. Hypercholesterolemia, 
dyslipidemia (hypertriglyceridemia with lower levels of 
HDL and increased levels of LDL and VLDL), insulin 
resistance, increased fasting levels of glucose and insulin in 
the blood, were reported in HIV-infected persons even 
before the advent of HAART era [100, 123]. These 
manifestations occur early in the course of the infection and 
exacerbate with disease progression. Ironically certain 
HAART regimens may further contribute to their 
pathogenesis. The implication of IL-18 in these 
manifestations is supported by the reports that the serum 
levels of this cytokine are significantly higher in HIV-
infected patients with hypertriglyceridemia as compared to 
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the patients with normal triglyceride levels [124]. It is 
noteworthy that increased concentrations of this cytokine 
correlate positively with serum triglyceride and glucose 
levels in obese and diabetic subjects [125]. They have also 
been reported in the circulation of HIV-seronegative T2D 
patients either diagnosed recently or with a long history of 
the disease. The levels decrease with high fiber diet [126]. 
Increased levels of the cytokine predict nephropathy in these 
patients [127]. Increased levels of IL-18 also correlate with 
obesity, glucose intolerance and predict the onset of T2D in 
obese patients. The levels decrease with weight loss in obese 
individuals ([126, 128-130]; reviewed in [131]). 
Interestingly, the cytokine and its receptor are expressed in 
pancreas in humans. The cytokine, alone as well as in 
combination with IL-12, causes acute pancreatitis and 
destruction of insulin-producing cells [132, 133]. Moreover, 
administration of exogenous IL-18 promotes development of 
diabetes in young NOD mice [134]. The cytokine is also 
responsible for streptozotocin-induced diabetes in mice, and 
IL-18BP alleviates the disease in these mice [135]. Taken 
together, it can be concluded that increased IL-18 levels in 
HIV-infected persons play a role in increasing their 
resistance to insulin. 
CARDIOVASCULAR (CV) DISEASES 
 IL-18 has been implicated in the development and 
progression of atherosclerosis. Functional IL-18Rs are 
expressed in atheroma-associated vascular endothelial cells 
and smooth muscles, which are augmented by LPS, TNF-,
IL-1 and other proinflammatory stimuli ([136]; reviewed in 
[22]). Mononuclear phagocytes in the lesions express mature 
IL-18. IL-18 induces several biological effects in the 
vascular endothelial cells that are reminiscent of 
atherogenesis: induction of IL-6, IL-8, ICAM-1 and various 
matrix metalloproteinases. Unexpectedly the cytokine also 
induces IFN- in mononuclear phagocytes and smooth 
muscle cells [136, 137]. It also induces expression of IFN-
from aortic smooth muscle cells that, in turn, induce 
expression of CXCL16/SR-PSOX on macrophages [138]. 
The macrophages uptake oxidized LDL via the scavenger 
receptor SR-PSOX, whereas the secreted from of it 
(CXCL16) acts as a chemokine and attracts CXCL-16-
positive T cells to the ldeveloping lesion. Increased levels of 
IL-18 expression in atherosclerotic plaques have been 
associated with plaque instability that may lead to acute 
ischemic syndromes [139]. Increased levels of the cytokine 
also occur in the circulation of atherosclerosis patients and 
they correlate with thickness of the intima-media of coronary 
artery [140, 141]. The thickness reflects overall burden of 
systemic atherosclerosis. Increased levels of the cytokine 
have also been reported in patients having unstable angina 
pectoris as well as in acute coronary disease [142, 143]. 
More importantly, in vivo neutralization of IL-18 by its 
natural antagonist (IL-18BP) slows down the development of 
atherosclerosis in a mouse model of the disease [144]. In a 
prospective study, Blankeberg et al. [145] have shown that 
increased IL-18 levels predict poor prognosis and increased 
risk of deaths in the patients with established coronary heart 
disease. IL-18 induces secretion of the plasminogen activator 
inhibitor (PAI-1) from adipocytes and promotes 
thrombogenic events [114]. Increased levels of this 
thrombogenic mediator in the circulation of HALS patients 
have been documented [146]. The IL-18-induced secretion 
of PAI-1 suggests that IL-18 may be causally involved in the 
enhanced platelet activation. Indeed, we have demonstrated a 
positive correlation between serum IL-18 levels and platelet 
activation in HIV-infected persons [79]. Heart failures with 
increased IL-18 concentrations in the circulation cause more 
deaths than the heart failures with physiological levels of the 
cytokine (reviewed in [147]). The cytokine is expressed in 
heart itself: many cell types in this organ e.g., 
cardiomyocytes, smooth muscle cells, endothelial cells, 
resident macrophages and infiltrated neutrophils, etc, 
produce this cytokine [147]. It causes death of cardiac 
endothelial cells by activating a novel signaling pathway, 
wich involves NF-B and PTEN [148]. However, the 
cytokine induces hypertrophy in cardiomyocytes [149]. 
Interestingly, CRP, which is produced in liver in response to 
IL-6 and whose concentrations increase in the circulation in 
inflammatory conditions, induces IL-18 production from 
vascular endothelial cells [150]. 
 More than 60% of the patients receiving anti-HIV drugs 
develop hyperlipidemia, hyperglycemia, and central obesity 
[151]. Several studies have documented occurrence of 
increased carotid intima media thickness and different 
biomarkers of cardiovascular risk (cholesterolemia, 
triglyceridemia, dyslipidemia, lower homocysteinemia, 
increased CRP levels, etc) in HIV-infected children and 
adults as compared to their HIV-seronegative counterparts 
[152-154]. A case controlled study described an increased 
occurrence of atherosclerotic plaques in HIV-positive 
patients [151]. Occurrence of cardiovascular events is a real 
risk in HIV-infected patients undergoing ART [155]. Use of 
lipid-lowering treatments may have been useful in stabilising 
this risk. It is highly likely that increased IL-18 
concentrations in the circulation of in these patients play a 
role in the development of this risk. Neutralizing these 
concentrations with IL-18BP could prove to be a beneficial 
strategy in these patients. 
HIV-ASSOCIATED DEMENTIA (HAD) 
 HAD is a severe neurological complication in HIV-
infected persons. It is characterized by development of 
severe cognitive, behavioral and motor dysfunctions 
(reviewed in [156, 157]). In the brain, both HIV-infected and 
non-infected macrophages and microglia produce 
proinflammatory cytokines like TNF-, IL-1 and IL-18. 
These proinflammatory cytokines are believed to play a 
major role in the pathogenesis of HAD (reviewed in [28, 
158]). These cytokines increase permeability of the blood-
brain barrier that allows infiltration of HIV-infected 
macrophages into brain. The cytokines cause neuronal death 
by a variety of mechanisms, e.g., by overstimulating N-
methyl-D-aspartate (NMDA) receptors, and inducing NO 
and reactive oxygen and nitrogen species (RONS). Increased 
concentrations of IL-18 occur in the circulation and 
cerebrospinal fluid (CSF) in patients suffering from psychic 
disorders [158]. It is noteworthy that the viral envelope 
glycoprotein Gp120 induces caspase-1 activation and IL-1
secretion from microglia and astrocytes in the brain [158]. 
These cells also express IL-18 and are likely to produce this 
cytokine in response to HIV infection. Indeed, increased 
levels of IL-18 occur in the CSF of HIV-infected persons 
suffering from opportunistic infections of the central nervous 
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system [159]. It is noteworthy that a significant correlation 
was found between IL-18 production and cognitive decline 
in Alzheimer disease patients [160]. Given that HIV-infected 
patients have increased concentrations of biologically active 
IL-18, the cytokine is likely to contribute towards the 
development of HAD in these patients. 
HIV AND IL-18 GENE POLYMORPHISM 
 The human IL-18 gene maps to chromosome 11q22.2 to 
11q23.3. It contains 6 exons and 5 introns spread over 20.8 
kb region. Two TATA-less promoters, located upstream 
exons 1 (Promoter 1) and 2 (Promoter 2), have been 
described for the gene. The promoter 1 is constitutively 
active in cell lines like THP-1 and U937, while the promoter 
2 is induced by LPS and infectious agents [161]. It has been 
shown that promoter 1 is exclusively used in adrenal gland 
constitutively as well as in response to neurogenic stimuli, 
while promoter 2 is used by cells of the immune system 
[162]. Despite frequent sequencing of the gene in diverse 
human populations, no non-synonymous SNP could be 
found in the exons, and exon-intron boundaries of the gene. 
Furthermore, no SNP could be detected in the mRNA splice 
sites. A limited degree of polymorphism has been reported in 
the promoter and 3 and 5 untranslated regions (UTR) of the 
IL-18 gene (reviewed in [163]). Three synonymous SNP 
have been described in the promoter region of the IL-18 
gene: G-656T, C-607A and G-137A. Of these SNP, 
replacing C at -607 with A abrogates a cAMP response 
element-binding site, whereas replacing G at -137 with C 
abrogates a DNA binding site for the nuclear factor H4TF1. 
The haplotype CG is associated with an increased production 
of IL-18 protein [164]. Interestingly, -607C was recently 
shown to be a risk factor for vertical transmission of HIV 
infection in a cohort of Brazillian children born to HIV-
infected mothers, who took no antiretroviral therapy during 
pregnancy and did not undergo Caesarian section [165]. This 
study suggests that the children with genetic ability to 
produce more IL-18 may be at a higher risk of perinatal 
infection. However, it is noteworthy that –607C alone has 
not been associated with increased production of the 
cytokine. It would have been interesting to determine the IL-
18 promoter genotype of the mothers. It is quite likely that 
the mothers may have a high IL-18 producer genotype of 
their IL-18 promoter. Such mothers may be simply having 
higher viral loads and hence may transmit HIV to their 
newborns more efficiently. 
 Several studies have reported varying degrees of 
association of IL-18 gene SNP and their haplotypes with 
atherosclerosis, multiple sclerosis, coronary heart disease, 
acute graft versus host disease, Crohn’s disease and 
ulcerative colitis. Unfortunately, no clear-cut correlations 
could be demonstrated between predisposing genotypes and 
enhanced IL-18 production. Furthermore, many of the results 
have been contradicted by other studies (reviewed in [163]). 
As mentioned above, the biological activity of this cytokine 
is mainly controlled by IL-18BP and activation of caspase-1. 
The genetic variations that lead to a diminished production 
of IL-18BP and/or enhanced activation of caspase-1 could 
also result in enhanced biological activities of this 
proinflammatory cytokine, and hence may predispose 
humans to proinflammatory diseases. They may confound 
the effects of the genetic polymorphism in IL-18 gene on 
biological activities of the cytokine and their associations 
with different disease conditions. 
CONCLUSIONS AND FUTURE DIRECTIONS 
 The fact that certain viruses have incorporated the genes 
for IL-18BP and ICE inhibitor (e.g., the Cytokine Response 
Modifier gene in certain Pox viruses) into their genomes 
suggests the importance of IL-18 and related cytokines as an 
impediment to viral replication. However, HIV has probably 
developed alternate strategies to evade antiviral effects of 
this cytokine. It compromises the production of other 
cytokines (e.g., IL-12, IL-15, IL-21, etc) without which IL-
18-induced responses blunt antiviral immune responses. 
Furthermore, increased production of immunosuppressive 
cytokines like TGF-1 and IL-10 attenuates IL-18-induced 
IFN- production. Indeed, a developing body of data 
collected from clinical studies suggests that increasing 
concentrations of biologically active IL-18 in the circulation 
of HIV-infected individuals undermine innate and adaptive 
antiviral immune responses, especially in later stages of the 
infection. They may also enhance HIV replication in 
combination with other cytokines. Because of its ability to 
induce other inflammatory cytokines and amplify TH17 type 
CD4+ effector/memory T cells, it might be involved in tissue 
destruction in this infection. 
 IL-18 is a cytokine produced by adipose tissue and it 
regulates lipid metabolism, energy homeostasis, insulin 
resistance and cardiovascular manifestations. It is 
noteworthy that studies in IL-18 and in IL-18R KO mice 
suggest a protective role of this cytokine in obesity, as these 
mice develop obesity, insulin resistance and atherosclerotic 
lesions with age [166]. They also exhibit defective control of 
food intake by the hypothalamic satiety center and become 
hyperphagic. The plasma IL-6 levels are not affected in these 
mice. In accord with these results, IL-18BP-over-expressing 
mice also overeat and become hyperglycemic. IL-18 
deficiency caused decreased levels of constitutively activated 
STAT-3 in these mice [166]. Interestingly, intracerebral but 
not intravenous or intraperitoneal injections of recombinant 
murine IL-18 reversed these effects [166]. These data 
suggest that effects of IL-18 on insulin resistance and 
adiposity may be quite different depending upon its route of 
administration: it may promote insulin sensitivity and energy 
expenditure when acting on brain and may promote adiposity 
and insulin resistance when acting in the periphery (organs). 
Similar results have been reported for another 
proinflammatory cytokine IL-6. IL-6 KO mice develop 
mature-onset obesity, IR and diabetes. Its peripheral 
administration promotes insulin resistance and dyslipidemia, 
whereas its administration into CNS protects mice from 
these manifestations [127, 167]. Clearly further studies are 
needed to learn more on the effects of IL-18 and its natural 
antagonist on energy and lipid homeostasis in animal 
models. Furthermore, while IL-18 gene knocked-out and 
transgenic mice provide valuable information, such studies 
must be verified by neutralization of the cytokine by siRNA 
or antagonist to avoid potential effects of compensatory 
mechanisms. It may be relevant to mention here that it has 
been argued that obese individuals as well as T2D patients 
develop resistance to IL-18, as their leukocytes respond 
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poorly to this cytokine in ex vivo studies due to reduced 
expression of IL-18R and  chains on their surface [168]. 
Due to a compromised production of IL-12, which induces  
expression of IL-18R on naïve T cells, it is highly likely 
that the number of T cells responding to IL-18 may decline 
especially in later stages in the course of HIV infection. 
Unfortunately no studies have been reported on the 
expression of IL-18R or responsiveness of human cells to 
this cytokine in HIV-infected cells. Such studies are highly 
desirable for fully understanding the role of this cytokine in 
controlling HIV infection and its role in antiviral immunity 
and immunopathogenesis. 
 In the context of HIV infection, increased concentrations 
of IL-18 blunt antiviral immunity in HIV-infected patients, 
contribute towards immunopathogenesis of AIDS and 
promote disturbances in fat metabolism, insulin resistance, 
atherogenesis and cardiovascular manifestations (see Table
2). Therefore targeting IL-18 may be a therapeutic option. 
Fortunately, a natural antagonist with strong neutralizing 
activity exists for this cytokine and may be the best option. 
Moreover, small molecular inhibitors of ICE have been 
developed. They inhibit ICE-mediated processing of IL-18 
and IL-1 precursors into their biologically active forms. 
They may be used to reduce activities of these 
proinflammatory cytokines in chronic infectious and 
inflammatory conditions. Still P2X7R may be another target. 
Small molecular inhibitors of the receptor may be used to 
modulate inflammatory responses mediated by IL-18 and 
related cytokines (IL-1 and IL-33). These therapeutic 
options may be exercised in HIV-infected patients under 
close monitoring for unpredictable side effects. 
Table 2. How IL-18 Contributes Towards AIDS Pathogenesis 
1. It promotes TH2 type immune responses via its actions on basophils 
and mast cells [66]. 
2. It modulates amplification and differentiation of TH17 cells and 
may disturb their balance with Treg cells [61, 186]. 
3. It enhances HIV replication especially in concert with other 
cytokines [92-94]. 
4. It causes NK cell loss by fratricidal killing of NK cells via FasL and 
TNF- [15]. 
5. It promotes the development of HALS and other metabolic 
disorders in HIV-infected patients [112, 124]. 
6. It promotes HIV-associated dementia by interfering with brain cell 
functions [159, 187]. 
 Proinflammatory cytokines are known to regulate fat 
metabolism, induce IR and promote atherogenic process. 
They mediate some of these effects by their direct effects on 
adipocytes. Little is known about potential effects of IL-18 
on adipocytes and insulin-mediated signaling in human cells. 
It is noteworthy that human adipocytes express this cytokine 
and its receptor as well. Future studies should address these 
issues. Given that brown and white adipocytes arise from 
distinct precursors and undergo distinct programs of 
differentiation, such studies should be conducted on both 
types of cells separately. A potential role of IL-18 or its 
antagonist in the differential behavior of the subcutaneous 
and visceral adipose tissues also needs to be carefully 
examined. The results may be important for understanding 
the etiopathogenesis of HALS. They will also have 
implications for obesity, diabetes and atherosclerosis. 
 Experimental studies have shown that IFN- induces IL-
12R1 chain on naïve CD4+ T cells in an IRF-1 dependent 
pathway that is required for IL-12-mediated differentiation 
of these cells into TH1 type cells. An early production of 
IFN-, therefore, is important for inducing effective antiviral 
immune responses. By its ability to induce this cytokine, IL-
18 could serve as an effective adjuvant for anti-HIV 
vaccination. In vaccination studies, the injection of IL-18-
encoding DNA as an adjuvant has been shown to induce 
protective TH1 type immunity. In this regard, co-injection of 
IL-18 and IL-12 encoding DNA may be more effective 
(reviewed in [54]). Future studies on anti-HIV vaccination 
using this cytokine as an adjuvant are highly desirable. 
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Abstract
Interleukin-18 is a proinflammatory, proapoptotic, and proatherogenic cytokine belonging to the interleukin-1 
family of cytokines. The cytokine exerts many unique immunologic and biological effects. It is 
produced as a biologically inactive and leaderless precursor protein, which must be cleaved into its 
mature form by caspase-1. The caspase-1 also exists in an inactive precursor in the cytosol and needs 
proteolytic auto-cleavage, which is catalyzed by the assembly of a multi-protein complex called 
inflammasome. 
Inside the circulation, interleukin-18 is bound to its naturally occurring antagonist called interleukin-18 
binding protein. The antagonist is induced as a negative feedback to increased interleukin-18 production. 
It protects body cells and tissues from the potentially destructive and harmful proinflammatory effects 
of the cytokine. 
Several researchers have reported that the concentrations and biological activities of the cytokine are 
increased in the circulation of HIV-infected patients. Unlike interleukin-18, the concentrations of its 
antagonist, interleukin-18 binding protein, are decreased in these persons. The cytokine may play a 
major role in the development and pathogenesis of AIDS in HIV-infected persons. Insufficient/lack of 
interleukin-12 and related cytokines may compromise the ability of interleukin-18 to induce interferon-
gamma production from natural killer and T-cells. By inducing production of T-helper 2-type cytokines 
like interleukin-4, -5, -9, and -13 from basophils and mast cells, interleukin-18 promotes the development 
and differentiation of CD4+
 
naive T-cells into T-helper 2-type effector cells, which blunt anti-HIV 
immunity. The effect may be more pronounced in HIV-infected persons with compromised production 
of interleukin-12. Interleukin-18 also directly enhances viral replication. Because of its proapoptotic 
effects, the cytokine decreases survivability and promotes the death of various immune and nonimmune 
cells. It has also been documented to play a role in the depletion and wasting of subcutaneous fat 
from the limbs and face. The wasting is a characteristic feature of HIV-associated lipodystrophy. The 
cytokine is also likely to be involved in the higher incidence of atherosclerotic plaques and systemic 
insulin resistance in these patients. 
Finally, increased production of the cytokine in the brain may lead to motor and cognitive dysfunctions, 
leading to the development of HIV-associated dementia. 
In conclusion, increased interleukin-18 concentrations in HIV-infected persons are likely to play an 
important role in the development and progression of the infection toward AIDS and associated clinical
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Introduction
Several studies have shown that interleukin-18 (IL-18) 
concentrations are increased in the circulation of HIV-
infected persons as compared to HIV-seronegative 
healthy subjects. Here we provide an overview of our 
current state of knowledge on the biology of this cy-
tokine and discuss, in the light of published literature, 
how these increased concentrations of the cytokine 
might contribute towards the pathogenesis of AIDS 
and its associated clinical conditions like lipodystro-
phy, systemic insulin resistance, and dementia. 
A unique proinflammatory cytokine
Interleukin-18 represents the fourth member of the IL-1 
family of cytokines. It is a multifunctional and pleiotropic, 
proinflammatory cytokine with many unique biological 
effects (Table 1). The cytokine is produced by a wide 
variety of cells including macrophages, dendritic cells, 
keratinocytes, adipocytes, Kupffer cells, intestinal and 
respiratory tract epithelial cells, microglial cells, ependy-
mal cells, and certain neurons in the brain (reviewed1-3). 
Interleukin-18 gene expression has been documented 
in several organs and tissues of the body, e.g. liver, 
lungs, thymus, heart, placenta, kidneys, pancreas, adi-
pose tissue, brain, etc. Physical and emotional stress has 
been shown to induce IL-18 production from adrenal 
cortex4,5. Like IL-1B, the prototype member of the family, 
IL-18 secretion does not follow the classical secretory 
pathway via endoplasmic reticulum and Golgi apparatus. 
Instead, the cytokine is produced as a leaderless and 
biologically inactive 24 kDa precursor protein called Pro-
IL-18, which is cleaved by IL-1B converting enzyme (ICE; 
more commonly known as caspase-1) to produce 18 kDa 
mature and biologically active cytokine6,7. 
It is noteworthy that caspase-1 itself exists in an inactive 
45 kDa precursor form whose activation requires assem-
bly of multi-unit complexes involving certain nucleotide-
binding and oligomerization domain (NOD)-like proteins. 
These complexes, known as inflammasomes, recruit and 
activate caspase-1 precursor molecules (reviewed8,9). 
The process leads to IL-18 maturity and secretion. 
As shown in figure 1, an increased production of bio-
logically active IL-18 requires two distinct stimuli: one in-
creases IL-18 gene expression at mRNA and protein levels 
and usually comes from recognition of pathogen products 
by a pattern-recognizing receptor (e.g. toll-like receptor); 
the second signal causes inflammasome assembly, cas-
pase-1 activation, and secretion of mature IL-18. 
Understanding the stimuli and the molecular mecha-
nisms that lead to inflammasome assembly and the 
secretion of biologically active IL-18 is a burgeoning 
area of research. A variety of cellular products (e.g. 
extracellular adenosine triphosphate, amyloid B crystals, 
conditions. Therefore, its neutralization may represent an appropriate and useful immunotherapeutic 
strategy in these patients. It may delay AIDS progression and improve the immune status of infected 
persons. The best way to achieve this goal may be using exogenous interleukin-18 binding protein. 
(AIDS Rev. 2009;11:115-25)
 
Key words
AIDS. Cytokines. HIV-1. IL-18. IL-18BP. Lipodystrophy. HIV-associated dementia. 
Table 1. Some unique properties of interleukin-18 
–  Despite being a member of the IL-1 family, IL-18 has 
several unique properties: 
–  It does not induce fever; but does induce sleep and 
anorexia
–  In synergy with IL-12, it induces IFNG production from 
natural killer and T-cells 
–  It induces IL-4, IL-5, IL-9, IL-13 and histamine from 
mast cells and basophils 
–  Its effects are proapoptotic on target cells, while other 
members of the family exert pro-survival effects 
–  It is also produced in adrenal cortex in response to 
physical and emotional stress 
–  Its antitumor effects are uniquely mediated by 
enhanced FasL-mediated cytotoxicity of natural killer 
cells and T-cells 
–  Implicated in acute hepatic injury in endotoxemia and 
mouse models of viral hepatitis 
–  One of the rare cytokines that are kept inactive in the 
body by a naturally produced antagonist 
–  It promotes the development of atherosclerotic 
plaques 
–  It is involved in the maintenance of homeostasis of 
energy: its enhanced concentrations promote insulin 
resistance 
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reactive oxygen, and nitrogen species), pathogen prod-
ucts (e.g. bacterial and viral nucleic acids, bacterial 
muramyl dipeptide, bacterial toxins) and environmental 
pollutants (e.g. silica particles, aluminum compounds) 
are known to cause inflammasome assembly10-14. Along 
with the mature form, the unprocessed precursor form 
is also released from IL-18-producing cells. Certain 
proteases e.g. matrix metalloprotease (MMP)-9, neu-
trophil-derived proteinase-3 and elastase, mast cell-
derived chymase, etc. can process the extracellular 
IL-18 precursor into biologically active forms1-3. 
Once secreted, mature IL-18 is subjected to a further 
layer of control; a protein (named as IL-18 binding pro-
tein; IL-18BP) specifically binds and inactivates mature 
IL-18 in the circulation. The IL-18BP-bound cytokine is 
able to bind the “A” chain of IL-18 receptor (IL-18R; see 
below), but is unable to recruit its “B” chain. Conse-
quently, it cannot transduce signals in target cells15,16. 
The human IL-18BP exists in four isoforms, which 
result from alternate splicing of the IL-18BP mRNA15. 
The isoforms have been named “a-d”; only “a” and “c” 
can bind and inactivate IL-18. It is noteworthy that the 
“a” isoform exhibits a tenfold higher affinity for IL-18 as 
compared with the “c” isoform. The former isoform ac-
counts for practically all the IL-18 neutralizing activity in 
the human body. It binds IL-18 with high affinity and low 
dissociation rate in 1:1 stoichiometric complexes17. 
The IL-18BP is produced constitutively from several 
types of cells and tissues in the body. The protein is 
normally present in the circulation in 20-fold molar ex-
cess as compared to IL-1817. This ensures protection 
from tissue damage, which otherwise might occur from 
uncontrolled biological activities of the cytokine. 
The production of IL-18BP is also enhanced as a 
negative feedback mechanism in response to en-
hanced IL-18 production. For example, increased lev-
els of IL-18 are accompanied by increased levels of 
IL-18BP in the circulation of mice during sepsis17. In 
vitro studies have shown that interferon gamma (IFNG) 
acts as a powerful stimulus for inducing expression of 
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Figure 1. Production, processing and control of interleukin-18. The figure depicts two signaling pathways needed to produce precursor 
IL-18. In addition to pathogens and their products, stress can also induce IL-18 production in adrenal gland and in certain brain cells 
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IL-18BP. Production of IL-18BP mediated by this inter-
feron is an important factor in the operation of this 
negative feedback mechanism18,19. 
Interestingly, several poxviruses carry a homolog of the 
IL-18BP gene in their genomes. The viral IL-18BP acts as 
a virulence factor and antagonizes the virus-induced 
IL-18 responses of the infected host20,21. The IL-18BP 
acts as an anti-inflammatory and immunosuppressive 
mediator2,3,22, and it represents an ideal therapeutic tool 
for neutralizing IL-18 in chronic inflammatory diseases. 
Interleukin-18 exerts its biological effects on target 
cells and tissues via IL-18 receptors (IL-18R; Fig. 2). 
The IL-18R is heterodimeric and consists of two distinct 
polypeptide chains: A and B. Immunoglobulin (Ig)-like 
domains are present in the extracellular regions of the 
receptor chains and bind IL-18. Toll-IL-1 receptor (TIR) 
domains present in the cytoplasmic tails of the recep-
tor chains transduce signals in the target cells2,3. 
The cytokine initiates inflammatory responses by in-
ducing production of several proinflammatory cytokines 
and chemokines (e.g. TNFA, IL-8, IL-1B, MIP-1A, NO, 
MMP) from a variety of human cells. It induces accumu-
lation of neutrophils in the lungs and liver during septi-
cemia23. The cytokine chemo-attracts dendritic cells to 
the site of viral infection and causes their maturation24. 
It also plays an important role in enhancing adhesion of 
dendritic cells, macrophages, natural killer (NK) cells, 
and T-cells to vascular endothelial cells by enhancing 
expression of vascular cell adhesion molecule 1 (VCAM-1) 
and intercellular adhesion molecule 1 (ICAM-1)25. 
The most significant biological effect of IL-18 is induc-
tion of IFNG production from NK, T-, and NK T-cells. 
However, it does so in concert with other cytokines, e.g. 
IL-12, IL-15, or IL-21. Interleukin-18 and IL-12 together 
represent the most powerful stimulus in inducing IFNG 
from NK and T-cells26 (reviewed27). In fact, the cytokine 
was originally discovered in 1989 as an “IFNG-inducing 
factor” that was present in the serum of the Bacillus 
Calmette-Guerin-infected mice after challenge with lipo-
polysaccharide. The “factor” induced IFNG production 
from IL-2-activated mouse splenocytes23. Several years 
later it was named as IL-18 upon cloning and expression 
of its gene28,29. Many of the cytokine’s biological effects 
can be attributed to its ability to induce IFNG. The inter-
feron induces expression of IL-12RB1 chain on the sur-
face of naive CD4+
 
T-cells and renders them respon-
sive to IL-12, which induces their differentiation into 
T-helper 1 (Th1) effector T-cells. The interferon also 
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Figure 2. Biological effects of interleukin-18. IL: interleukin; TH: T helper; NK: natural killer; AT: adipose tissue; CHO: carbohydrate; ICAM-1: 
intercellular cell adhesion molecule 1; MCP-1: macrophage chemotactic protein 1; MMP: matrix metalloproteinase; NO: nitrous oxide; PAI-1: 
plasminogen activator inhibitor 1; VCAM: vascular cell adhesion molecule; VEC: vascular endothelial cells. 
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inhibits differentiation of these naive cells into Th2- or 
Th17-type effector cells30,31. During the differentiation 
process, IL-12 induces IL-18RB chain on CD4+
 
T-cells. 
Consequently, IL-18 can amplify the Th1-type CD4+ 
T-cell responses. These responses have been shown 
to be more effective in controlling intracellular patho-
gens like HIV-1. 
It is noteworthy that in the absence of collaborating cy-
tokines (e.g. IL-12), IL-18 has little ability to induce IFNG 
from NK and T-cells. However, it can also exert many bio-
logical effects that are independent of its IFNG-inducing 
ability. The cytokine induces IL-4, IL-5, IL-9, and IL-13 from 
basophils, mast cells, and ligand-activated NK T-cells32. 
Furthermore, the presence of IL-18 can efficiently convert 
CD4+
 
effector T-cells into Th2-type cytokine-producing 
cells upon their antigen-specific activation33,34. The 
Th2-type cytokines promote allergic inflammatory re-
sponses (mastocytosis, eosinophilia, and IgE produc-
tion) needed to expel extracellular parasites. Thus, an 
excess of IL-18 production would blunt Th1-type respons-
es and promote Th2-type responses in the body. Inter-
leukin-18 augments the FasL-mediated cytotoxicity of NK 
and T-cells35,36. The cytokine exerts its antitumor effects 
mainly via the Fas/FasL pathway. Few antitumor effects 
of the cytokine were observed in Fas or FasL knockout 
(KO) mice. The IL-18-mediated enhanced FasL expression 
has been implicated in the cytokine-induced hepatotoxic-
ity in septicemia and mouse models of hepatitis37. 
Imbalanced production of interleukin-18 
and interleukin-18 binding protein  
in HIV infection
Several researchers have consistently reported in-
creased concentrations of IL-18 in the circulation of 
HIV-infected persons38,39 (reviewed40). The cytokine 
concentrations did not correlate with viral load or with 
CD4+
 
T-cell counts in these patients38,39. More recent stud-
ies have shown that the cytokine increases in the circula-
tion of infected persons early in the course of the infection, 
and its concentrations correlate with viral loads in un-
treated persons41,42. The cytokine levels decrease in 
HAART-treated patients, but they remain above physi-
ological concentrations. The authors suggested using 
the levels of the cytokine as a measure of response to 
therapy43. Another study demonstrated that seroconver-
sion in HIV-infected persons was accompanied by in-
creased levels of the cytokine in the circulation, and the 
levels correlated with viral loads in these patients44. 
As stated above, IL-18 production is accompanied by a 
negative feedback mechanism, which induces production 
of its antagonist IL-18BP. We have found that, in sharp 
contrast to IL-18, the concentrations of IL-18BP are sig-
nificantly decreased in the circulation of HIV-infected per-
sons as compared to HIV-seronegative healthy subjects 
(Iannello A, et al. submitted). Thus, IL-18-induced nega-
tive-feedback mechanisms appear to have become defec-
tive in HIV-infected persons. This results in increased con-
centrations of “free” and biologically active IL-18 in the 
circulation of HIV-infected persons. Indeed, we have previ-
ously shown that IL-18 present in the sera of HIV-infected 
persons is biologically active38. As mentioned earlier, IFNG 
plays an important role in inducing IL-18BP from human 
cells, and IL-18 needs to act in concert with other cyto-
kines, like IL-12 or IL-15, for inducing production of this 
interferon from human cells. Given that the production of 
IL-12 and IL-15 decreases in HIV-infected persons45-47 
(reviewed48), this may result in a decreased ability of IL-18 
to induce IFNG from NK and T-cells. A decreased produc-
tion of IFNG may be at least in part responsible for a de-
creased production of IL-18BP in HIV-infected persons. 
Implications of increased interleukin-18 
levels for HIV infection
An increased production of IL-18 as well as an in-
crease in its biological activities may contribute to the 
development of AIDS (Fig. 3) as described below. 
Adverse effects on antiviral immunity
Because of its ability to induce IFNG from NK and 
T-cells, IL-18 may play a role in protecting the host from 
intracellular pathogens. As mentioned earlier, IL-18 could 
promote type 1 or type 2 immune responses, depending 
upon the context. Induction of IFNG and promotion of type 
1 immune responses by IL-18 depends upon the pres-
ence of collaborating cytokines like IL-12, IL-15, or IL-21. 
In the absence/insufficiency of these cytokines, IL-18 has 
little ability to induce IFNG from NK and T-cells. Under 
these conditions, IL-18 may in fact blunt these responses 
by inducing IL-4, IL-5, IL-9, IL-13, and histamine from 
basophils and mast cells. These cytokines promote the 
development and differentiation of Th2-type CD4+ T-cells, 
which induce type 2 immune responses. A decreased 
production of IFNG and a predominance of type 2 immune 
responses frequently occur in HIV-infected persons and 
have been implicated in the development of AIDS49-51. 
Increased concentrations of IL-18 have been docu-
mented in several chronic inflammatory conditions. Lev-
els of IL-18 in these conditions were shown to correlate 
with reduced NK cell numbers52,53. We have found that 
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a similar situation exists in HIV-infected persons54. We 
further found that the cytokine induces FasL expression 
on primary human NK cells, and decreases their surviv-
ability by reducing the expression of an antiapoptotic 
protein, Bcl-XL. These changes result in fratricidal killing 
of NK cells in their in vitro cultures. It is conceivable that 
a chronic exposure of NK cells to high concentrations 
of IL-18 in vivo may cause their depletion and, hence, 
defective innate immunity. The cytokine has been shown 
to enhance FasL-mediated cytotoxicity of murine CD4+
 
Th1 cells35. Although not formally shown, it is also likely 
to enhance expression of FasL in human CD4+
 
Th1 cells. 
However, depletion of this type of cell in chronic inflam-
matory conditions has not been reported. It is likely that 
the cytokine exerts differential effects on the two types of 
target cells and does not decrease the survivability of 
CD4+
 
Th1 cells. By inducing enhanced expression of 
FasL on NK and CD4+
 
Th1 cells, the cytokine may pro-
mote the destruction of normal Fas-positive cells in the 
body and promote autoimmunity. It is noteworthy that 
increased Fas/FasL-mediated killing has been implicated 
in the immunopathogenesis of AIDS (reviewed55). 
Effects on HIV replication
Proinflammatory, immune-enhancing cytokines often 
enhance HIV replication. Concerning the effects of IL-18 
on HIV replication, controversial results have been re-
ported. The cytokine has been shown to enhance the 
viral replication in acutely or chronically infected human 
monocytic and T-cell lines56-58. However, it was reported 
to inhibit HIV replication in human peripheral blood mono-
nuclear cells (PBMC)59. The inhibition was ascribed, at 
least in part, to IL-18-mediated IFNG production in the 
human cell cultures. However, it is important to note that 
production of this interferon from PBMC in response to 
IL-18 becomes compromised in HIV-infected persons41. 
This compromise could be due to increased circulating 
concentrations of immunosuppressive cytokines, like 
IL-10, IL-32, and transforming growth factor-beta 
(TGFB), and/or due to decreased concentrations of 
immune-enhancing cytokines like IL-12, IL-15, and 
IL-2145-47,60-62 (reviewed48). In this regard, we have 
found that IL-18 enhances HIV replication in in vitro 
infected purified human CD4+
 
T-cells, but has no effect 
on viral replication in in vitro generated human monocyte-
derived macrophages (Iannello A, et al. submitted). Much 
of the controversy concerning the effects of IL-18 on HIV 
replication probably could be ascribed to differences in 
the expression of IL-18R and/or concomitant induction of 
IL-18BP from human cells. In IL-18R-positive cells, the 
cytokine is more likely to induce HIV replication. An en-
hancing effect of IL-18 on HIV replication is supported by 
results from in vivo studies in animal models. In these 
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Figure 3. Potential contributions of interleukin-18 to AIDS pathogenesis. The figure depicts various mechanisms by which IL-18 might 
contribute towards AIDS pathogenesis. Note increase in free IL-18 concentrations in the circulation of HIV-infected persons. IL: interleukin; 
TH: T helper; NK: natural killer; BP: binding protein; HALS: HIV-associated lipodystrophy syndrome. 
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studies, pathogenic, but not nonpathogenic, chimeric 
SIV/HIV-1 (SHIV) viruses caused increased IL-18 levels. 
The infected animals with increased levels of the cy-
tokine experienced a more rapid loss of CD4+
 
T-cells 
and higher set points for viral load63. The cytokine 
seemed to promote disease progression in these stud-
ies, although it would have been more desirable to in-
vestigate the effects of in vivo neutralization and of ad-
ministration of the cytokine on viral replication and 
disease progression. In NOD-SCID mice grafted with 
human cells, IL-18 also enhanced HIV replication64. 
Taken together, these studies strongly suggest that IL-
18 promotes HIV replication in HIV-infected persons. 
Biological effects of interleukin-18  
beyond immune system
The IL-18Rs are expressed on the surface of adipo-
cytes, vascular endothelial cells, and in certain brain cells. 
This allows IL-18 to exert biological effects in the body 
beyond immune system. Like other proinflammatory cy-
tokines, it inhibits lipogenesis and promotes lipolysis (re-
viewed65,66). The transcripts for IL-18 and its receptor have 
been detected in adipose tissue including adipocytes67. 
Consequently, the cytokine may cause lipo-depletion and 
it is not surprising that the cytokine has been implicated 
in HIV-associated lipodystrophy syndrome. The syndrome, 
first described in 199868, is characterized by a redistribu-
tion of body fat. The patients usually lose subcutaneous 
fat on face (“empty cheek syndrome”), arms, legs, and 
trunk, and gain fat on the dorsocervical region (“buffalo 
hump condition”), breast, and viscera (reviewed66). HIV-
associated lipodystrophy syndrome also occurred in 
HIV-infected persons before the advent of antiretroviral 
therapies; however, the use of HAART has significant-
ly increased its incidence and severity. Both reverse 
transcriptase inhibitors and protease inhibitors have 
been implicated in hastening this syndrome66. About 
one-third of HIV-infected persons undergoing antiret-
roviral therapy experience it in one form or another. 
Experimental studies have demonstrated that inhibi-
tion of lipogenesis (differentiation of pre-adipocytes 
into adipocytes) and increased lipolysis in adipocytes 
are responsible for loss of fat in HIV-infected per-
sons66,69. Increased numbers of adipocytes undergo-
ing apoptosis in the adipose tissues have been ob-
served in these patients70. It is believed that one of the 
mechanisms that underlie the causation of this syn-
drome is induction of proinflammatory cytokines, which 
may result from direct effects of the virus, viral gene 
products, and/or antiviral drugs. Among these cytokines, 
the potential role of IL-18 in the etiopathogenesis of this 
syndrome is beginning to emerge. Although the levels 
of the cytokine increase in the circulation of HIV-infect-
ed persons, they are higher in the patients with HIV-
associated lipodystrophy syndrome than in the patients 
without it71. The gene is also expressed at higher levels 
in the adipose tissues of these patients. In two sepa-
rate studies involving subcutaneous fat of the limbs 
and femoral gluteal tissues, the level of IL-18 gene 
expression correlated with the degree of lipoatro-
phy71,72. Another hallmark of HIV-associated lipodystro-
phy syndrome is diminution in the circulating levels of 
adiponectin, an adipocyte-produced anti-inflammatory 
mediator, which increases insulin sensitivity. It has 
been demonstrated in vitro that IL-18 inhibits produc-
tion of adiponectin in the adipose tissues73. Increased 
concentration of IL-18 in the circulation of HIV-infected 
persons may be at least partially responsible for declin-
ing adiponectin levels in HIV-associated lipodystrophy 
syndrome as well as in obesity and type 2 diabetes. 
Interleukin-18 has been associated with obesity. The 
condition is accompanied by low-grade inflammation re-
sulting from production of several proinflammatory cytok-
ines including IL-18 from adipose tissues. Increased con-
centrations of the cytokine have been reported in obese 
persons65,74-76. The cytokine, like other proinflammatory 
cytokines such as tumor necrosis factor alpha (TNFA) and 
IL-15, inhibits lipogenesis and promotes lipolysis. This may 
explain phenotype of the IL-18 or IL-18R KO mice, which 
become hyperphagic, obese, and develop insulin resis-
tance77. Intracerebroventricular, but not intraperitoneal, 
injections of exogenous IL-18 reverse these effects. 
Interestingly, continuous feeding of the cytokine in 
mice also leads to insulin resistance and the develop-
ment of type 2 diabetes78. The cytokine appears to have 
differential effects on food intake and lipid metabolism 
when administered peripherally (intraperitoneally or in-
travenous) or centrally (intracerebroventricularly). 
It is noteworthy that several manifestations of distur-
bances in homeostasis of energy, lipid, and carbohydrate 
metabolism, e.g. hypercholesterolemia, dyslipidemia (de-
creased HDL, hypertriglyceridemia, increased LDL and 
VLDL), increased fasting levels of glucose and insulin in 
the blood, etc. had occurred in HIV-infected persons 
without receiving antiretroviral therapy. The situation 
would have been exacerbated with the advent of HAART 
had these patients not been treated with lipolytic 
agents78-81. It has been shown that serum concentrations 
of IL-18 are significantly higher in HIV-infected patients 
with hypertriglyceridemia as compared to patients having 
normal triglyceride levels82. In view of the effects of this 
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cytokine on lipid metabolism and energy homeostasis, 
it is much more likely to be causally involved in pre-
cipitating these manifestations in these patients. 
It is noteworthy that systemic insulin resistance is a 
major complication occurring in HIV-infected patients, 
especially in those presenting HIV-associated lipodystro-
phy syndrome66,83. Several studies have shown that IL-18 
may contribute towards insulin resistance in these pa-
tients as well as in type 2 diabetes patients74,75,78,84,85. As 
currently understood, the insulin resistance develops 
gradually as a result of obesity-associated, chronic low-
grade inflammation (reviewed75,84,86). The levels of the 
cytokine correlate with those of glucose and triglycerides 
in obese and type 2 diabetes patients76. Furthermore, 
elevated levels of the cytokine, especially with IL-6 or 
C-reactive protein, predict impending type 2 diabetes in 
middle-aged men and women85. The concentrations of 
several proinflammatory cytokines, e.g. IL-6, TNFA, C-re-
active protein, IL-18, etc. are often increased in the circu-
lation of obese persons. Interestingly, increasing IL-18 
concentrations in the circulation predict the onset of insu-
lin resistance and type 2 diabetes in obese persons. 
The exact mechanisms by which IL-18 promotes insu-
lin resistance and type 2 diabetes are not fully under-
stood. It may do so by its lipolytic actions that may cause 
lipidemia and an increase in free fatty acids in the circu-
lation. The cytokine may also interfere with insulin-induced 
signaling directly as well as indirectly by inducing expres-
sion of the suppressors of cytokine signaling proteins. 
Importantly, IL-18 and its receptor genes are ex-
pressed in human pancreas. The cytokine has also 
been implicated in causing acute pancreatitis and 
death of insulin-producing cells87,88. A direct role of 
IL-18 in causing destruction of insulin-producing cells 
comes from the streptozotocin-induced diabetes in 
mice. Neutralization of endogenous IL-18 by exoge-
nous administration of IL-18BP-Fc fusion protein re-
lieves hyperglycemia and diabetes89. Furthermore, the 
pancreas becomes larger in size in IL-18 KO mice77. 
Further studies are needed to determine whether the cy-
tokine may cause tissue destruction in the pancreas via 
Fas/FasL interaction as it does in the liver in septicemia. 
Apparently, it seems contradictory that if IL-18 is impli-
cated in the development of insulin resistance, then why 
do IL-18 KO and IL-18R KO mice become obese and 
develop insulin resistance. While the exact answer is not 
known, it may relate to increased appetite, feed intake, 
lipogenesis, decreased lipolysis, and disturbed energy 
homeostasis. These observations suggest very strong-
ly that IL-18 may play a contributing role in inducing 
systemic insulin resistance in HIV-infected patients. 
Several observational studies have documented an in-
creased incidence of atherosclerotic lesions as well as of 
cardiovascular events in HIV-infected patients without any 
apparent known risk factor90-93. It is noteworthy that IL-18 
is highly atherogenic. Atherosclerotic lesions begin with 
infiltration of macrophages and T-cells in subendothelial 
spaces. Functional IL-18R occur on vascular endothelial 
and smooth muscle cells94. By inducing expression of 
VCAM-1 on vascular endothelial cells and ICAM-1 on 
macrophages and T-cells, the cytokine promotes adhe-
sion of these cells to vascular endothelium and their sub-
sequent migration to subendothelial spaces94. 
The cytokine also induces platelet-activating factor 
and plasminogen activator inhibitor-1 (PAI-1) from the 
endothelial and other target cells, and promotes activa-
tion of platelets and thromboembolic events (re-
viewed95,96). In fact we have previously reported a cor-
relation between platelet activation and increased IL-18 
concentrations in HIV-infected patients97. 
Interestingly, IL-18 induces IFNG expression from vas-
cular smooth muscle cells. The interferon-induced expres-
sion of CXCL-16/SR-PSOX on macrophages promotes 
uptake of oxidized LDL and converts them into lipid-laden 
“foam cells”98. The soluble form of CXCL-16 acts as a 
chemokine and attracts CXCR6-positive T-cells to the le-
sion. Administration of IL-18 increases atherosclerosis in 
aorta and aortic arch twofold in animal models of the dis-
ease99. Increased levels of the cytokine have been docu-
mented in the circulation of the patients suffering from this 
affliction, and these levels correlate with the severity of the 
disease100,101. Neutralization of this cytokine in vivo in ani-
mal models of the disease by using IL-18BP has been 
shown to slow progression of the disease102. In addition 
to increased levels of IL-18, increased concentrations of 
PAI-1 and enhanced platelet activation have been re-
ported in the circulation of HIV-infected persons97,103. Fur-
thermore, increased IL-18 concentrations are associated 
with plaque instability and myocardial infarction104. They 
are a strong predictor of diabetes-associated nephropathy 
as well as of death in cardiovascular diseases105-107. In-
creased IL-18 production represents a mechanistic link 
between psychological stress and increased occurrence 
of atherosclerosis and ischemic heart108,109. Increased 
concentrations of this cytokine in HIV-infected patients 
are likely to contribute towards increased incidence of 
atherosclerotic lesions and cardiovascular events. 
HIV-associated dementia, a neurologic complication in 
HIV-infected persons, is characterized by the develop-
ment of severe motor and cognitive dysfunctions. Proin-
flammatory cytokines like IL-18, which are produced in 
brain in response to HIV infection, play an important role 
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in the development of HIV-associated dementia in HIV-
infected patients (reviewed110). They increase the per-
meability of the blood-brain barrier and promote infiltra-
tion of HIV-infected macrophages into the tissue. 
Interleukin-18 is an important mediator of communication 
between nervous, endocrine, and immune systems. Bio-
logically mature forms of the cytokine are produced in 
response to physical, emotional, and psychological stress 
or activation of the sympathetic system. Under these con-
ditions, the hypothalamic-pituitary-adrenal axis is stimu-
lated, leading to production of IL-18 from the adrenal cor-
tex. Relaxation, on the other hand, activates the 
parasympathetic nervous system and inhibits production 
of this cytokine (reviewed111). It is noteworthy that stress-
induced IL-18 does not result in enhanced production of 
IFNG, as it does not cause increased production of col-
laborating cytokines like IL-12. The cytokine is also pro-
duced in response to these stimuli in the neurohypophysis 
and several different cell types in the brain, e.g. microglia, 
ependymal cells, and certain neurons in the medial habe-
nula. Because of its expression in the brain, the cytokine 
is likely to contribute to neuroinflammation and neurode-
generation by activating microglia. The viral envelope gly-
coprotein Gp120 has been shown to induce activation of 
caspase-1 and secretion of IL-1B from a variety of brain 
cells110,112. These cells also express IL-18 and likely pro-
duce this cytokine in response to HIV infection. Increased 
levels of the cytokine have been reported to occur in the 
cerebrospinal fluid of HIV-infected persons suffering from 
opportunistic infections of the central nervous system113. A 
role for this cytokine in neurodegeneration is also sup-
ported by studies on the brains of Alzheimer patients (re-
viewed111). It may induce enhanced production of reactive 
oxygen and nitrogen species and cause death of neurons. 
It may also affect brain function by its direct effects on 
neurons. It impairs long-term potentiation and N-methyl-D-
aspartate receptor-mediated transmission in rat hippocam-
pus114. Increased concentrations of the cytokine present 
in the brain and cerebrospinal fluid of HIV-infected per-
sons may be responsible, at least in part, for dementia 
and psychological disorders occurring in this infection. 
Conclusions
By its proinflammatory and immune-enhancing prop-
erties, IL-18 protects the host from bacterial, fungal, 
and viral infections. Interleukin-18-induced IFNG has 
the potential to inhibit viral replication by inducing an 
antiviral state in the host cells115. Indeed IL-18-induced 
IFNG has been shown to protect mice in vivo from infec-
tions with HSV-1116. The interferon could also inhibit 
HIV replication by antagonizing the effect of Tat117. Fur-
thermore, by providing an early source of this interferon, 
IL-18 may promote development of type 1 antiviral re-
sponses. The very fact that many poxviruses encode an 
IL-18BP-like protein for neutralizing the host IL-18 is 
strong evidence for an antiviral role of IL-1820. 
A similar antiviral role for IL-18 can be conceived in HIV 
infections, especially early in the course of the infection. 
However, the infection is accompanied by compromised 
production of several other cytokines like IL-12, IL-15, and 
IL-2148. With the decreased/insufficient production of these 
collaborating cytokines, IL-18 loses its ability to induce 
IFNG. A decreased production of IL-18BP may exacerbate 
the condition. Under these conditions, the ability of IL-18 
to promote type 2 responses may predominate. The cy-
tokine may also blunt innate defense mechanisms and 
rather promote Fas/FasL-mediated tissue destruction. The 
cytokine may enhance viral replication, cause disturbanc-
es in lipid and carbohydrate metabolism and energy ho-
meostasis precipitating HIV-associated lipodystrophy syn-
drome, insulin resistance, dyslipidemia, cardiovascular 
manifestations, and dementia in HIV-infected patients. 
Clinical studies conducted in this connection in HIV-
infected patients also suggest a pathogenic role of the 
cytokine in HIV-infected individuals. Higher levels of the 
cytokine were reported to occur in progressors than in 
nonprogressors. The patients in the latter category 
maintained these levels near physiological levels43. 
Thus, increased IL-18 concentration in these patients 
may be acting more as a bane than a boon. The situa-
tion may be ameliorated by the use of exogenous cy-
tokines like IL-12, IL-15, or IL-21. This is rather imprac-
ticable as the cytokines are highly toxic. Alternately, 
IL-18 may be neutralized and its induction of Th2-type 
cytokines may be prevented. The neutralization of this 
cytokine may also ameliorate the adverse effects of the 
cytokine on energy and lipid metabolism. 
Fortunately, for this purpose, an excellent tool exists 
in the form of IL-18BP; exogenous infusions of this IL-
18 antagonist may be used to modulate IL-18 activity 
in vivo to desirable levels. 
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4- Les cellules Natural Killer, leur biologie et leurs déterminants 
génétiques dans la résistance au VIH-1 
 
Les lymphocytes Natural Killer (NK) sont des cellules de l'immunité innée 
intervenant en première ligne dans la lutte contre divers agents pathogènes et dans la 
surveillance des tumeurs. Les informations détaillées concernant leur biologie et 
l’impact de leur immunogénétique dans la progression du SIDA ont fait l’objet d’un 
article de revue. Cet article a été soumis à un processus de révision par les pairs avant sa 
publication. 
 
Article 4 :  Iannello A, Debbeche O, Samarani S, and Ahmad A. Antiviral NK Cell 
Responses in HIV Infection: I. NK cell receptor genes as determinants of HIV 
resistance and progression to AIDS. 2008. Journal of Leukocyte Biology 84(1): 1-26. 
 
Résumé : Les cellules NK jouent un rôle important dans le contrôle des infections 
virales. Elles peuvent tuer les cellules infectées de façon directe aussi bien que par 
ADCC. Elles sécrètent une multitude de facteurs solubles et interagissent directement 
avec d’autres cellules du système immunitaire comme les cellules dendritiques. Les 
cellules NK expriment une série de récepteurs activateurs et inhibiteurs qui se lient à 
leurs ligand respectifs exprimés sur la surface des cellules cibles. Ces ligands 
représentent les antigènes du CMH-I classiques et non classiques, les protéines de type 
CMH-I et une variété d’autres molécules du soi ou dérivées de protéines virales. Les 
récepteurs de la famille des killer-cell Ig-like (KIR) sont très polymorphiques comme 
c’est le cas pour leurs ligands (CMH-I). Plusieurs études récentes ont démontré que 
certaines interactions épistatiques entre les KIR et les gènes du CMH-I peuvent 
déterminer la résistance innée de l’hôte à des infections virales. Dans cette article de 
revue, nous discutons des dernières découvertes concernant l’immunobiologie des 
cellules NK et décrivons comment les gènes codant pour les récepteurs de ces cellules, 
seuls et en combinaison avec les gènes codant pour le CMH-I, peuvent déterminer la 
résistance ou la susceptibilité génétique à une infection par le VIH-1 et au 
développement du SIDA.  
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Abstract: NK cells play an important role in con-
trolling viral infections. They can kill virus-in-
fected cells directly as well as indirectly via anti-
body-dependent, cell-mediated cytotoxicity. They
need no prior sensitization and expansion for this
killing. NK cells are also considered as important
regulators of antiviral immune responses. They do
so by secreting a multitude of soluble mediators
and by directly interacting with other immune
cells, e.g., dendritic cells. NK cells do not possess
a single well-deﬁned receptor to recognize antigens
on target cells. Instead, they express an array of
inhibitory and activating receptors and corecep-
tors, which bind to their cognate ligands expressed
on the surface of target cells. These ligands include
classical and nonclassical MHC class I antigens,
MHC-like proteins, and a variety of other self- and
virus-derived molecules. They may be expressed
constitutively and/or de novo on the surface of
virus-infected cells. NK cell receptors (NKRs) of
the killer-cell Ig-like receptor (KIR) family, like
their MHC class I ligands, are highly polymorphic.
Several recent studies suggest that epistatic inter-
actions between certain KIR and MHC class I
genes may determine innate resistance of the host
to viral infections, including HIV. In the ﬁrst part
of this review article, we provide an overview of the
current state of knowledge of NK cell immunobi-
ology and describe how NKR genes, alone and in
combination with HLA genes, may determine ge-
netic resistance/susceptibilty to HIV infection and
the development of AIDS in humans. J. Leukoc.
Biol. 84: 1–26; 2008.
Key Words: CD94/NKG2  chemokines  cytokines  HIV-1 
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INTRODUCTION
HIV is the causative agent of AIDS: a dreadful and socially
stigmatizing disease syndrome of the 20th century that inevi-
tably leads to death. The AIDS epidemic has killed more than
25 million humans since 1981. At present, close to 40 million
people are infected with the virus in the world. It has been
estimated that in 2006, more than 4 million new infections
occurred with the virus, and 3 million people died of AIDS in
the world. It is widely believed that the viral infection is
spreading in several underdeveloped and developing countries,
e.g., China, India, and Eastern European countries (www.
unaids.org). This situation underlines the need for developing
an effective anti-HIV vaccine. However, at present, the pros-
pects of developing an effective anti-HIV vaccine do not seem
very promising. Although, anti-HIV drugs have signiﬁcantly
prolonged lifespans of HIV-infected patients and have reduced
deaths, they do not cure the infection. Furthermore, sooner or
later, the virus develops resistance to these drugs. Researchers
have made spectacular advances in studying and analyzing
immune responses to the virus. Most of these studies have
largely focused on virus-speciﬁc immunity, i.e., HIV-speciﬁc
antibodies, CD4 and CD8 T cell responses. It is noteworthy
that the inductive and effector mechanisms of these responses
depend on the recognition of small viral peptides by the
immune cells. Unfortunately, small RNA viruses (such as HIV)
are quite apt in neutralizing these responses by their remark-
able ability to mutate (reviewed in ref. [1]). On the other hand,
innate immune responses do not limit themselves to the rec-
ognition of small viral peptides. Instead, innate immune cells
recognize so-called molecular patterns associated with patho-
gens (e.g., dsRNA, CpG motifs in viral DNA), altered self
(reduced expression of MHC antigens), and/or induced self (de
novo expression of pathogen-induced host proteins) on the
body’s own cells. Activation of innate immune cells is also a
prerequisite for mounting an effective, pathogen-speciﬁc adap-
tive immunity. Understanding these responses may provide
better ways of controlling viral infections.
NK cells constitute an important component of the host’s
innate immune system. Once considered as relatively unim-
portant and nonspeciﬁc killers of tumor cells, NK cells are now
recognized as important cells with ready-to-go effector and
regulatory functions. For long, NK cells have been known to
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kill virus-infected cells, and NK cell-deﬁcient individuals have
been known to suffer from repeated viral and bacterial infec-
tions [2, 3]. However, a lack of understanding of NK cell
immunobiology until recent years has been an impediment in
appreciating the role of these cells in controlling these infec-
tions. Today, scientists have made signiﬁcant advances in
understanding how NK cells function and regulate innate and
adaptive immune responses. Consequently, we have learned a
lot about the role of these cells in HIV and other viral infec-
tions. The review focuses on NK cell responses in HIV infec-
tions and their relevance to anti-HIV resistance, immunother-
apy, and vaccination. We also underline some of the important
unresolved issues with respect to these cells in HIV infection
that need to be addressed in future research. Understandably,
it will have to begin with an overview of the current immuno-
biology of NK cells.
NK CELLS
NK cells are a population of low-density, large granular lym-
phocytes, which mainly develop and differentiate in bone mar-
row and then enter into the circulation. Signiﬁcant numbers of
NK cells also develop and differentiate in thymus, spleen,
tonsils, and lymph nodes [4, 5]. As a result of their different
sites and pathways of development, NK cells are heterogeneous
with respect to their phenotypic characteristics and functional
capabilities. They make up 10–15% of the PBMC. In response
to proinﬂammatory stimuli, which may be induced by a viral
infection, NK cells migrate to various tissues and organs of the
body. Signiﬁcant numbers of NK cells occur in thymus, lymph
nodes, gut, liver, peritoneum, and other organs and tissues of
the body. NK cells represent a cell lineage distinct from those
of monocytes, granulocytes, and B cells. They share a common
hematopoietic progenitor with T cells. However, they are less
specialized than T cells and retain certain ancestral charac-
teristics of plasticity and versatility. Phenotypically, NK cells
are CD3–, CD2, CD16, CD56, CD14–, and CD19–. Unlike
T and B cells, they do not express a well-deﬁned single antigen
receptor. They also do not express recombinase activating
genes (RAG) and retain their TCR and BCR genes in germ-line
conﬁgurations. See Table 1 for commonly used NK cell mark-
ers. It is noteworthy that most of these markers are not NK
cell-speciﬁc, as cells of other types may also express them.
However, NKp46 and NKp30 may be considered as NK cell-
speciﬁc markers, as non-NK cells rarely express them.
NK cells should not be confused with NKT cells. The two
cell types are quite distinct from each other with respect to
their origin, phenotype, antigen recognition, and certain effec-
tor functions (reviewed in refs. [6, 7]). As their name implies,
NKT cells share characteristics with NK and T cells; i.e., they
are CD3, bear clonotypic  TCR and certain NK cell
markers (CD56, CD161), and secrete IFN- and/or IL-4.
They recognize self and foreign glycolipids in association with
a MHC class I-related glycoprotein CD1d. Activation of NKT
cells usually leads to activation of NK cells and dendritic cells
(DC) in the body.
Human NK cells can be divided into two major subsets
based on the level of expression of CD56 and the presence or
absence of CD16. The two markers are usually expressed
reciprocally on these cells. The two subsets CD56highCD16–
and CD56lowCD16 represent 10% and 90% of NK cells
present in the peripheral blood, respectively [8, 9]. The cells in
the two subsets differ in their proliferative potential, homing
characteristics, functional capabilities, and responses to dif-
ferent cytokines (listed in Table 2). The cells in the former
subset express high-afﬁnity receptors for IL-2, proliferate in
response to picomolar concentrations of the cytokine, produce
mainly cytokines upon activation, and have low cytotoxic po-
tential. They express little KIR and preferentially migrate to
secondary lymphoid organs, e.g., lymph nodes, tonsils. Most of
the NK cells in lymph nodes are CD56high. The CD56low
CD16 NK cells express low-afﬁnity IL-2Rs, proliferate in
response to nanomolar concentrations of IL-2, express KIR,
and are highly cytotoxic. These NK cells migrate to inﬂamed
tissues in response to chemotactic stimuli. By virtue of expres-
sion of CD16, they are also efﬁcient mediators of ADCC. The
CD56high subset is less cytotoxic as compared with the CD56low
subset, probably as a result of their lower expression of perforin
and -chain [9, 10]. The -chain is a signal-transducing com-
ponent of the high-afﬁnity receptor for IgE (FcεRI) and acts as
a signaling partner for several activating NK cell receptors
TABLE 1. Common Markers Used for Phenotypic Characterization of Human NK Cells
Marker Structure Ligand Prevalence Function
CD2 Ig-like CD58 All Adhesion, Conjugate formation
CD3 Ig-like TCR Absent –
CD19 Ig-like BCR Absent –
CD14 G-LRR LPS Absent –
CD16A Ig-like IgGa Subset ADCC, Degranulation
CD56 Ig-like Self Subset Homotypic adhesion
NKp46b Ig-like HA All Activation
NKp44b Ig-like HA All Activation
NKp30b Ig-like ? All Activation
CD161 C-type Lectin LLT-1 All Activation?
CD8 Ig-like MHC class I Subset Costimulation, Conjugate formation
Prevalence refers to whether all or a subset of NK expresses the marker. G-LRR, GPI-anchored leucine-rich repeat-containing glycoprotein; HA, hemagglutinin
of inﬂuenza virus; LLT-1, lectin-like transcript-1; ADCC, antibody-dependent, cell-mediated cytotoxicity. a IgG, IgG aggregated or found in immune complexes.
b The marker is speciﬁc to NK cells. ? indicates unknown or controversial.
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(NKRs), e.g., CD16a, NKp30, NKp46, etc. Both NK cell sub-
sets become potent killer cells upon incubation with cytokines
and are called lymphokine-activated killer cells. Some workers
also differentiate between CD16high and CD16dim subsets of
NK cells. Furthermore, NK cells expressing CD56 and CD16
have also been described. They may represent different acti-
vation and differentiation states of NK cells. It is noteworthy
that incubation with different cytokines may change pheno-
typic, functional, as well as homing characteristics of NK cells.
For example, IL-2, IL-12, and IL-15 can convert
CD56highCD16– and CD56lowCD16 NK cell subsets into
CD56brightCD16 cells. On the other hand, TGF-1 converts
CD16 NK cells into CD16– NK cells [11–13].
NK CELL FUNCTIONS
Although NK cells have been traditionally known for their
ability to kill certain tumor and virus-infected cells, they also
perform other important roles (detailed in Table 3). Like
neutrophils, NK cells can kill bacteria by secreting -de-
fensins: the antimicrobial peptides that can disrupt bacterial
cell walls. They act as important immunoregulatory cells by
secreting cytokines and chemokines. It is noteworthy that NK
cells are the only known source of IFN- other than activated
T cells. The cytokine is known to activate macrophages and
drive CD4 T cell differentiation into type 1 (TH1) cells. It
also induces expression of TRAIL on T cells. An immediate
release of this cytokine from NK cells in early stages of an
infection is crucial for inducing virus-speciﬁc immunity. In
addition to IFN-, NK cells have been documented to secrete
TNF-, GM-CSF, IL-5, IL-13, IL-10, TGF-, MIP-1, MIP-
1, RANTES, NO, etc. (reviewed in ref. [14]). In addition to
their immunoregulatory properties, IFN- and TNF- can in-
duce an antiviral state in the host cells and inhibit virus
replication by noncytopathic mechanisms. This virtual curing
of the infected cells is increasingly being appreciated in con-
trolling viral infections [15].
NK cells regulate immune responses by interacting physi-
cally with other cells in the body. Their interactions with
monocyte-macrophages, DC, and T, B, NKT, and vascular
endothelial cells are beginning to be understood. These inter-
actions bear important implications for viral infections, malig-
nancy, and autoimmunity. Under appropriate conditions, NK
cells can cause differentiation of monocytes into macrophages
[16]. They also interact with activated macrophages. These
interactions result into activation of interacting NK cells via
2B4 and CD48 interactions. NK cells also kill macrophages
that become overactive (with high doses of LPS) and express de
novo ligands for certain activating NKRs. They also kill mac-
rophages, which produce immunosuppressive, cytokine-like
TGF- and IL-10. Consequently, NK cells promote TH1 re-
sponses needed for the induction of an effective immune re-
sponse against intracellular pathogens [17, 18]. Interestingly,
NK cells themselves have the potential to act as APC. It may
be relevant to mention here that a special kind of cell was
described in mice with DC and NK cell-type characteristics. It
was named as IFN-producing killer DC (IKDC), which kill
virus-infected cells as well as tumor cells, produce IFNs, and
present antigens to T cells [19–21]. The IKDC, in fact, repre-
sent a distinct activation stage of NK cells [22]. Such cells have
not been found in humans. However, it is argued that the
human immune system is more developed than that of mice,
and all human NK cells can act as APC under appropriate
conditions. Activated human NK cells express several mole-
cules, which enable them to interact with T cells, e.g., CD11c,
MHC class II, CD80, CD86, CCR7, CD70, etc. Incubation of
NK cells with IL-18 has been shown to enhance their helping
functions [23]. This NK cell “help” function is supported by
the reports that in the presence of activated NK cells, antigen-
speciﬁc CTL may be generated without help from CD4 T cells
[24].
NK cell–DC interactions are complex and are important for
innate and adaptive immune responses against viral infections.
They will be discussed in a later section in this article.
NK cell interactions with other immune cells are important
for the induction of effective immune responses. It has been
shown that NK cells can regulate adaptive CD4 memory T
TABLE 2. Characteristics of Two Major NK Cell Subsets
Characteristic CD56hiCD16low CD56lowCD16hi
IL-2R High afﬁnity Low afﬁnity
Cytotoxicity  
Perforin Low High
Cytokine productiona  
Main location Lymph nodesb Blood
KIR Low High
NKG2 Expression High Low
ADCC Function Inefﬁcient Efﬁcient
LFA-1 Low High
CD62Lc High Low
CCR7d High Low
SHIP-1e High Low
CD3-chainf Low High
IL-7R High Low
c-Kitg High Low
ICAM-3 High Low
Lysozyme production Yes No
High and low refer to levels of expression. a Cytokines include IFN-,
TNF-, TNF-, IL-5, IL-13, and GM-CSF. b In T cell-rich areas of lymph
nodes and other secondary lymphoid organs and in body tissues and organs
such as liver. c,d Lymph node homing receptors. e Needed for IFN- produc-
tion. f Signaling partner for activating receptors such as CD16a. g c-Kit recep-
tor tyrosine kinase needed for IL-mediated proliferation. KIR, killer-cell
Ig-like receptors; NKG2, NK cell group 2; CD62L, CD62 ligand.
TABLE 3. NK Cell Functions
1. Natural cytotoxicity against hazardous (infected or malignant)
cells.
2. ADCC against hazardous cells in the presence of antibodies.
3. Immune regulation via secretion of chemokines and cytokines.
4. Immune regulation via physical interaction with other immune
cells, e.g., monocyte/macrophages, T and B cells, and DC.
5. Regulate hematopoiesis via secreting GM-CSF.
6. Regulate angiogenesis via interaction with vascular endothelial
cells.
7. Uterine NK cells play a role in placentation and pregnancy.
8. Role in contact hypersensitivity.
9. Rejection of bone marrow allografts.
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cells. More speciﬁcally, adoptive transfer of CD4 memory T
cells speciﬁc for myelin oligodendrocyte glycoprotein (MOG;
an autoantigen) is able to expand and cause experimental
autoimmune encephalitis (EAE; a mouse model of multiple
sclerosis) in RAG-2-deﬁcient mice, which lack T and B cells
but have functional NK cells. However, NK cells in these mice
are inhibited from killing the CD4 memory T cells, as the
latter expresses Qa-1 (the mouse equivalent of human HLA-E).
The transferred cells do not cause EAE in Qa-1 lacking mice.
NK cells kill MOG-speciﬁc CD4 memory T cells in these
mice. These results show that NK cells play an important role
in the homeostasis of memory T cells and may also eliminate
autoreactive CD4 memory T cells under appropriate condi-
tions. The results suggest that blocking Qa-1/NKG2A interac-
tions may represent a better clinical strategy to eliminate
autoreactive T cells than using anti-CD3 antibodies [25].
In certain mouse models, NK cell activation has been shown
to be indispensable for inducing antitumor antibody and CTL
responses [17, 26]. In addition to producing IFN-, physical
interactions between NK cells and other immunocytes are
needed for these responses. For example, via CD40/CD40L
interactions, NK cells can induce transcription of activation-
induced cytidine deaminase and switch recombinations in B
cells [27].
NK cells are plastic and may differentiate themselves into
cell types that produce predominantly IFN- or IL-5. It is not
known what causes this polarization in NK cells. It has also
been suggested that these differences in cytokine production
may result from their different differentiation states. Neverthe-
less, this polarized production of cytokines from NK cells may
be correlated with certain disease conditions. For example,
IL-5- and IFN--producing NK cells were shown to correlate
with remissions and relapses in multiple sclerosis in humans,
respectively [28]. The NK cells producing predominantly IL-5
also expand and play a role in asthma in humans [29].
In a provocative study, NK cells were shown to mediate
memory-type responses. In RAG/ mice, which lack T and
B cells, O’Leary et al. [30] demonstrated NK cell-dependent,
anamnestic responses to a hapten in mediating contact hyper-
sensitivity. Although the molecular mechanisms behind this
NK cell-dependent memory are not clear, the results may have
important implications for development of vaccines.
NK cells play an important role in successful pregnancy and
reproductive efﬁciency. The KIR2DL4/HLA-G interactions
and consequent secretion of IFN- from uterine NK cells are
needed for placentation [31, 32].
NK CELL ACTIVATION
NK cells exist in the body in a semi-activated state and are
ready to kill susceptible target cells. However, they may un-
dergo activation in vitro and in vivo, which enhances their
functional capabilities. Various stimuli that activate NK cells
are listed in Table 4. A variety of cytokines activates NK cells
and induces their proliferation as well. Activated NK cells
have increased expression of activating receptors, adhesion
molecules, and intracellular effector molecules, e.g., perforin.
They secrete higher amounts of cytokines and have higher
cytolytic potential and a reduced threshold to trigger their
killing mechanism. Virus-induced cytokines usually result in
activation of NK cells of the host. These cytokines include
IFN-/, IL-2, IL-12, IL-15, IL-18, IL-21, and others [14, 33].
Of these cytokines, IL-15, IL-21, and fms-like tyrosine kinase
3 ligand have been found to be essential for the development,
differentiation, and homeostasis of NK cells. IL-15 knockout
(KO) mice are deﬁcient in NK cells. Furthermore, NK cells
from normal mice undergo apoptosis when transfused into
IL-15 KO mice (reviewed in ref. [34]).
NK cells also express TLRs. Therefore, they can undergo
activation upon binding with certain viral proteins and nucleic
acids via these receptors [35, 36]. However, NK cells require
accessory cell function (presence of CD14 monocytes or
plasmacytoid DC) for TLR-mediated activation [37–39]. Cer-
tain viral proteins may act as ligands for one or more activating
NKRs and therefore, may directly activate NK cells; e.g., HA
of the inﬂuenza virus activates NK cells via NKp46 and NKp44
[40]. NK cells also become activated when they contact a
susceptible target cell (e.g., K562, which has reduced expres-
sion of MHC class I and/or has increased expression of ligands
for certain activating NKRs) and trigger their cytolytic machin-
ery to kill the target cell.
NK cells mainly kill their target cells by releasing cytotoxic
molecules (perforin, granzymes, and granulysin), which are
normally contained in their granules. These molecules are
released within the immune synapse (IS) onto the surface of the
target cells. NK cells can also kill target cells by FasL, TRAIL,
and TNF- if the target cells express appropriate receptors [41,
42]. NK-cell mediated lysis is usually determined in microcy-
totoxicity assays by measuring the release of 51chromium,
lactate dehydrogenase, or perforin in culture supernatants.
Individual NK cells mediating the lysis can be recognized and
counted by detecting the expression of lysosomal protein lyso-
some-associated membrane protein-1 (CD107a) on their sur-
face [43, 44].
REARRANGEMENT OF CYTOSKELETON IN
NK CELL-MEDIATED KILLING
As mentioned above, NK cells mainly kill their target cells via
releasing cytotoxic granules. To avoid unintended damage to
TABLE 4. How NK Cells Become Activated in Viral Infections
NK cells may become activated and undergo expansion in a viral
infection in several ways:
1. Recognizing viral proteins and/or virus-induced proteins in
the host cells via activating receptors.
2. Monitoring the expression of MHC or MHC-like ligands for
NKRs.
3. Recognizing viral proteins, DNA, or RNA via so-called
pattern recognizing receptors, e.g., TLR, but may require
accessory cell help.
4. Virus-induced cytokines from DC, monocyte-macrophages,
e.g., IFN-/, IL-12, IL-15, IL-18, IL-21, IL-23, etc.
5. By interaction with other cell types, e.g., DC, macrophages.
6. Recognizing genotoxic stress-induced, de novo-expressed
ligands for the NKG2D receptor.
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neighboring cells, NK cells release these effector molecules in
a well-deﬁned and restricted area of contact with the target
cells (reviewed in ref. [45]). This area of contact between the
two cells is called IS. The synapse is an activating one if it is
formed between a NK cell and a susceptible target cell. The
formation of the synapse is initiated by interaction between
different activating receptors and adhesion molecules (e.g.,
CD2, LFA-1, CD11a, CD11b) on NK cells and their cognate
ligands on the target cell. The adhesion molecules aggregate in
the form of a ring at the periphery of the synapse (Fig. 1). The
engagement of integrins causes their activation and results in
talin-mediated actin polymerization. The close contact between
NK and target cell membranes induces reorientation of the
MTOC of the NK cell toward the synapse. The microtubule-
associated motor proteins (kinesins) shuttle granules contain-
ing cytotoxic mediators toward the center of the synapse.
Within the center of the synapse, different activating NKRs
interact with their cognate ligands on the target cell. The
glycosphingolipid-rich membrane microdomains (lipid rafts)
rapidly accumulate in the center of the synapse in a cytoskel-
eton-dependent manner. The lipid rafts are rich in effector
signaling molecules. Their recruitment to the synapse requires
activities of several kinases (Src, Syk, and the serine-threonine
kinase protein kinase Cε). A ring of F actin surrounds the
center of the synapse and prevents spillover of the cytotoxic
mediators from the synapse. Within the synapse, NK and target
cells interact with each other via membranous protrusions,
which end at coated pits on the surface of opposing cells [46].
The Src homology 2 (SH2) domain-containing phosphatase
(SHP)-1 is recruited to the periphery of the synapse within 1
min. It limits the activation event to the center of the synapse.
Actin polymerization and MTOC reorganization are key events
needed to trigger NK cell cytotoxicity (degranulation). The
pharmacological agents that inhibit actin polymerization also
inhibit NK cell-mediated killing [47]. Another phosphatase,
SHIP, is also recruited to the synapse within minutes to ter-
minate the triggering of the NK cell. After discharging its
cytotoxic mediators to the membrane of the target cell, the NK
cell separates itself and is ready to kill another target cell. A
single NK cell can kill several target cells in a sequence one
after the other. The inhibitory IS is formed between an NK cell
and a resistant target cell. Its formation is prevented at an early
stage by inhibitory receptor-recruited phosphatases. The in-
hibitory receptors cluster in discrete microdomains in the
center of the inhibitory synapse and interact with their cognate
ligands.
A characteristic feature of the activating IS is exchange of
membrane proteins (receptors, ligands, adhesion molecules,
etc.) between the interacting cells. For example, NK cells may
transfer inhibitory KIR to target cells. The latter cell types may
transfer MHC-class I chain-related protein A (MICA) to NK
cells, which in turn, may transfer these acquired proteins to
other NK cells via homotypic, intercellular contacts [48, 49].
NK cells, like other immune cells, can also communicate
with other cells at a distance by forming nanotubules and
transfer molecules and Ca ﬂuxes to them (reviewed in ref.
[50]).
NKRs
NKRs and coreceptors regulate NK cell-mediated killing. They
include a variety of molecular structures expressed on the
surface of NK cells. They bind speciﬁc ligands on target cells.
NKRs can be divided into inhibitory and stimulatory types
depending on the nature of the signal they send to NK cells
Fig. 1. Formation of IS between NK and
target cells. Various NKRs interact with
their cognate ligands on the target cell in the
center of the synapse, which contains lipid
rafts and activating NKRs. The adhesion
molecules [CD2, LFA-1, membrane-acti-
vated complex 1 (MAC-1)] bind to their
cognate ligands on the target cell and ag-
gregate in the form of a ring. Activation of
integrins leads to talin-mediated actin poly-
merization. The close contact between NK
and target cell membranes induces reorien-
tation of the microtubule-organizing center
(MTOC) of the NK cell toward the synapse.
The microtubule-associated motor proteins
(kinesins) shuttle granules containing cyto-
toxic mediators toward the center of the
synapse. Within the center of the synapse,
different activating NKRs interact with their
cognate ligands on the target cells. A ring of
F actin surrounds the center of the synapse,
preventing the spillover of the cytotoxic me-
diators from the synapse. T and NK indicate
target cell and NK cell, respectively. C and
P represent center and periphery of the syn-
apse. WASP, Wiskott-Aldrich syndrome
protein; PTK, protein tyrosine kinase; SYK,
spleen tyrosine kinase; SRC, sarcoma ty-
rosine kinase.
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after binding to their speciﬁc ligands. Each NK cell expresses
inhibitory and stimulatory NKRs. Target cells may vary from
one another with respect to the level of expression of ligands for
different NKRs. According to the prevalent wisdom, triggering
of an NK cell depends on the balance between inhibitory and
stimulatory signals that it receives from the target cell via NKR
(see Fig. 2). A NK-sensitive target cell usually would express
one or more ligands for activating NKR, whereas a NK-resis-
tant target cell would express more ligands for inhibitory
receptors and/or may lack ligands for activating NKR. The
human NKR can be divided into MHC and non-MHC-binding
receptors.
MHC-binding receptors
They include KIR, NKG2, and Ig-like transcript (ILT) families.
They are discussed below.
KIR (CD158) family
The KIR are type I integral membrane glycoproteins that are
usually expressed as monomers on the cell surface [51–53]. At
present, 14 distinct KIR genes and two pseudogenes have been
described (see http://www.ebi.ac.uk/ipd/kir for an update on
KIR genes and alleles). They are located on human chromo-
some 19q13.4 in a tandem head-to-tail manner in a short,
150-kb region, called leukocyte receptor complex (LRC). KIR
genes show extensive allelic polymorphism. For example,
KIR2DL1 and KIR3DL1 genes have at least 14 and 47 alleles,
respectively. Their transcripts also undergo alternate splicing,
giving rise to distinct receptor variants. It has been estimated
that after MHC, KIR is the most polymorphic locus in humans.
KIR genes are not present in mice, suggesting their recent
evolution after divergence of the two species 5 million years
ago. They are undergoing rapid evolution in humans under
pressure from pathogens, malignancy, and autoimmunity. Two
human populations living next to each other and having similar
HLA genes frequently differ with respect to their KIR genes.
This observation suggests that the latter genes are evolving
faster than the former ones.
KIR structure. A typical KIR gene contains nine exons as
illustrated in Figure 3. The exons encode leader sequence
(exons 1 and 2), extracellular Ig-like domains (D0, D1, and D2;
exons 3–5), stem (exon 6), transmembrane region (exon 7), and
cytoplasmic tail (exons 8 and 9) of the KIR. The two-domain
KIR lack an extracellular domain (D0 or D1). The ones lacking
D0 (KIR2L1, KIR2DL2/3) are called type I KIR, whereas the
ones lacking D1 (KIR2DL4 and KIR2DL5; see below) are
Fig. 2. Model for NK cell-mediated killing of virus-infected cells. Normal
cells express ligands (usually MHC class I molecules) for inhibitory receptors
of NK cells and are resistant to NK cell-mediated killing (top panel). Viral
infections may reduce the expression of these inhibitory ligands on the infected
cells and make them susceptible to killing by NK cells (middle panel). They
may further induce expression of ligands for activating NKRs (e.g., for
NKG2D) and make them super-susceptible to the killing (bottom panel).
Fig. 3. Structure of a typical KIR gene and its encoded receptor. A typical
KIR gene comprises nine exons shown here on the right side of the ﬁgure.
Double horizontal lines in the gene indicate introns. The schematic structure
of the encoded receptor is shown on the left. The part of the receptor encoded
by each individual exon is also indicated. The scissor in the ﬁgure indicates
cleavage site for the signal peptide. The letters N and C designate N- and
C-terminals of the protein, respectively; not drawn to the scale. D0, -1, -2,
Extracellular Ig-like domains; TM, transmembrane region.
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called type II KIR. The structure of a typical KIR gene along
with the receptor is shown in Figure 3. The extracellular region
of the receptor binds with its ligand and consists of two or three
Ig-like domains. The cytoplasmic tail transduces receptor-
initiated signals. Depending on the length of the cytoplasmic
tail, a KIR could be short-tailed (S) or long-tailed (L). The L
forms are usually inhibitory KIR and have two ITIMs (with
canonical sequence I/VxYxxL) in their cytoplasmic tails, as
depicted in Figure 4. Upon binding to their ligands, the
tyrosine residues in the ITIMs become phosphorylated and
recruit SHP-1 and -2. These phosphatases dephosphorylate
several substrates involved in the NK cell activation cascade,
e.g., Vav, -associated protein 70 (Zap-70), Syk, phospholipase
C (PLC)-1, Shc, and SH2 domain-containing leukocyte pro-
tein of 76 kDa, and inhibit the NK cell from triggering its
cytotylic machinery and secreting cytokines. The receptors
with a short (S) cytoplasmic tail are stimulatory. They lack
ITIMs but possess a positively charged amino acid (lysine) in
their transmembrane regions. Via this amino acid, they asso-
ciate noncovalently with a dimer of an adaptor protein, killer
cell-activating receptor-associated protein (KARAP) or
DAP-12 [54]. Each DAP-12 carries ITAMs [with canonical
sequence D/Ex(0–2)YxxL/Ix(6–8)YxxL/I] in its cytoplasmic
tail. When an activating KIR binds to its ligand, the tyrosine
residues in the ITAMs are phosphorylated and recruit various
tyrosine kinases, e.g., Syk and Zap-70, and send activating
signals to NK cells to kill target cells and secrete cytokines.
The signals converge to phosphorylate Vav, which is a guanine
nucleotide exchange factor (GEF) and activates the Rho family
of small GTPases. Upon activation, the GTPases cause actin
polymerization, cytoskeleton rearrangement, and triggerring of
degranulation (reviewed in ref. [45]).
The KIR are named, depending on the number of Ig-like
domains (2 or 3) present in the extracellular region as well as
the length of the cytoplasmic tail (L or S). Each KIR gene and
its alleles are given different numbers. The KIR expressed in
humans, their signaling partners, and ligands are given in
Table 5.
Fig. 4. MHC-binding NKRs. The ﬁgure
shows the schematic structures of main
MHC-binding receptors: KIR, ILT-2, and
CD94/NKG2. The ligands for the receptors
are also shown on the top of each receptor;
not drawn to the scale. DAP-12, Dynax ac-
tivation protein 12.
TABLE 5. Human KIR (CD158) and Their Ligands
Receptor Signaling partner Distribution Ligand
A. Inhibitory KIR
1. KIR2DL1 (p58.1) SHP-1, 2 NK, CTL HLA-C II
2. KIR2DL2/3 (p58.2) SHP-1, 2 NK, CTL HLA-C I
3. KIR3DL1 (p70; NKB1) SHP-1, 2 NK, CTL HLA-B Bw4
4. KIR3DL2 (p140) SHP-1, 2 NK, CTL HLA-A3, A11
5. KIR2DL4a FcεR1-chain NK HLA-G
6. KIR2DL5 SHP-2 NK, CTL HLA-G?
B. Activating KIR
1. KIR2DS1 (p50.1) DAP-12 NK HLA-C II, ?
2. KIR2DS2 (p50.2) DAP-12 NK HLA-C I, ?
3. KIR2DS4 (p50.3) DAP-12 NK HLA-Cw4, ?
4. KIR2DS3, 5 DAP-12 NK ?
5. KIR3DS1 (p70) DAP-12 NK HLA-Bw4-I, ?
All KIR are expressed clonally on overlapping subsets of NK cells except KIR2DL4, which is expressed on all NK cells. Inhibitory KIR are also expressed on
CTL of the effector/memory phenotype. Activating KIR may be expressed on CD4 T cells in some disease conditions but are rarely expressed on CTL. HLA-Bw4-I
designates Bw4 allotypes having isoleucine at position 80. The question mark (?) indicates unknown and/or controversial ligands. a Despite having an
ITIM-containing, long cytoplasmic tail, it functions as an activating receptor.
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Two-domain KIR and their ligands. KIR bind to su-
pertypic public determinants expressed by a subset of closely
related HLA or MHC class I antigens. The two-domain recep-
tors (e.g., KIR2DL1, KIR2DL2/3) bind to HLA-C antigens. It
is noteworthy that all HLA-C antigens show a dimorphism at
position (p)80 in the amino-acid sequences of their -2 heli-
ces: They have asparagine or lysine. The HLA-C with an
asparagine at p80 (e.g., HLA-Cw2, -4, -5, -6, -17, and -18) are
called group I HLA-C, whereas the ones with a lysine at p80
(e.g., HLA-Cw1, -3, -7, -8, -13, and -14) are called group II
HLA-C. The KIR2DL1 binds group II HLA-C, and KIR2DL2
and its allelic variant (KIR2DL3) bind group I HLA-C [53,
55–58] (reviewed in refs. [53, 54]). Thus, each HLA-C allotype
is recognized by KIR2DL1 or by KIR2DL2/3. Interestingly, the
amino acid at p44 of the protein sequence of a KIR determines
its speciﬁcity for a given HLA-C group: If it is methionine (as
in the case of KIR2DL1), the KIR binds group II HLA-C, and
if it is lysine (as in the case of KIR2DL2/3), the KIR binds
group I HLA-C [56]. It may be relevant to mention here that
these ligand speciﬁcities are not absolute: KIR2DL1 and
KR2DL2/3 may bind to group I and group II HLA-C ligands,
respectively. However, they do so with tenfold lower afﬁnities.
KIR2DL4 (CD158d) is unusual in several respects. First, it
binds HLA-G: a nonclassical HLA antigen. Second, it is ex-
pressed mainly in endocytic vesicles and binds internalized,
soluble HLA-G. Third, the receptor is expressed usually by all
human NK cells. Its expression can also be increased by
cytokines, e.g., IL-2. Fourthly, the receptor has an ITIM-
containing, long cytoplasmic tail (a typical feature of an inhib-
itory KIR) as well as a charged amino acid (arginine) in its
transmembrane region (a feature of an activating KIR). The
presence of a charged amino acid in its transmembrane region
allows it to associate noncovalently with the signaling adaptor
molecule  chain of the FcεRI. Cross-linking of the receptor
with HLA-G-expressing target cells induces secretion of IFN-
from NK cells but does not trigger cytotoxicity [59–64]. It is
noteworthy that HLA-G is expressed in the female reproductive
tract, invading placental trophoblasts and thymic epithelial
cells. The HLA-G/KIR2DL4 interactions may be important in
generating local immune responses against invading pathogens
in the female reproductive tract. Uterine NK cells express
KIR2DL4, and secretion of IFN- from uterine NK cells has
been shown to be crucial for vascularization of placenta (re-
viewed in ref. [65]). KIR2DL4 is expressed at lower levels on
uterine NK cells in women undergoing spontaneous, recurrent
abortions [32]. Gomez-Lozano et al. [66] have described a
multiparous woman lacking KIR2DL4 in her genome. It is
probable that a KIR2DL4-like receptor may have compensated
the function of this receptor in this woman.
The KIR2DL5A and KIR2DL5B were considered as allelic
forms of the same gene. However, now, it has become quite
obvious that they represent two closely related but distinct
genes, which are present in telomeric and centromeric halves
of the KIR gene cluster, respectively [67]. The KIR haplotypes
may have both, none, or one of the two genes. In fact, the KIR
genes are evolving so rapidly that our conventional ways of
distinguishing between alleles and genes are being challenged.
KIR2DL5A (previously known as KIR2DL5*001 allele) is ex-
pressed, like other clonally expressed KIR genes, as a mono-
mer on CD56low NK cells in a variegated manner. It is also
expressed on a subset of T cells [68]. Individuals (52–80%)
may express this receptor, depending on the population group.
KIR2DL5B is a hybrid gene that arose from recombination
between KIR2DL5A and KIR3DP1 genes. It has three alleles,
KIR2DL5B*002, *003, and *004, of which only *003 is ex-
pressed. The KIR2DL5 A and B genes have 99.58% sequence
similarity in their exons. Each KI2DL5 receptor has two ITIMs,
of which one is atypical. The receptor has inhibitory function
and preferentially recruits SHP-2 [69]. The ligand for
KIR2DL5 is not known. However, their extracellular regions
are similar to that of KIR2DL4. Therefore, it is believed that
KIR2DL5 receptors also bind HLA-G. Interestingly, KIR2DL5
genes are conserved among primates.
Three-domain KIR and their ligands. Of the three-
domain KIR, KIR3DL1 (p70) is expressed as a monomer on the
surface of NK cells. It binds to HLA-B and HLA-A allotypes
bearing the HLA-Bw4 serospeciﬁcity. It is noteworthy that all
HLA-B allotypes can be divided into two mutually exclusive
Bw4 or Bw6 serospeciﬁcities depending on residues 77–83.
About one-third of all HLA-B and some HLA-A allotypes are
Bw4. The remaining two-thirds of the HLA-B allotypes is
Bw6. It may be relevant to mention here that HLA-Bw4
allotypes also show dimorphism at p80 of their amino-acid
sequence: They may have isoleucine (HLA-Bw4-I) or threonine
(HLA-Bw4-T) at this position. It was demonstrated that
KIR3DL1 receptors bind the former HLA-Bw4 allotypes with
higher afﬁnity [70, 71]. As mentioned above, the KIR3DL1
gene exists in 47 allelic forms, encoding 41 distinct allotypes,
which differ in their ability to bind their MHC ligands. Inter-
estingly, this binding is dependent on the peptide bound to the
peptide-binding groove of the MHC class I ligand [72–74].
Some KIR3DL1 allotypes (*001, *002, *008, *015, *009) are
expressed at relatively higher levels on the surface of NK cells,
and others (*005, *007) are expressed at lower levels. Epide-
miological data from Martin et al. [75] suggest that the highly
expressed KIR3DL1 allotypes bind HLA-Bw4-I allotypes with
high afﬁnity, as their coinheritance gives the highest protection
from AIDS in HIV-infected individuals. Furthermore, it also
suggests that the lowly expressed KIR3DL1 allotypes bind with
HLA-Bw4-T allotypes better than with HLA-Bw4-I ones. This
assumption explains the better protection provided by these
KIR allotypes, when they are coinherited with HLA-Bw-T as
compared with HLA-Bw4-I allotypes. However, these ﬁndings
need to be tested by direct-binding assays. One KIR3DL1
allotype (*004) is not expressed on the cell surface and re-
mains intracellular. Still, it appears to be of some functional
signiﬁcance [74–76].
Although KIR3DS1 encodes an activating KIR, it segregates
as an allelic variant of KIR3DL1. To date, 12 allelic variants
have been described, which encode 10 distinct allotypes of
KIR3DS1. It is noteworthy that KIR3DS1 and KIR3DL1 show
more than 95% sequence homology in their extracellular do-
mains. Genetic epidemiological data strongly suggest HLA-
Bw4-I allotypes as ligands for KIR3DS1 [77]. Nevertheless,
KIR3DS1 failed to bind HLA-Bw4 tetramers as well as HLA-
Bw4 ligands when expressed in EBV-transformed human cells
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[78]. It is likely that the receptor binds to HLA-Bw4 ligands
when the latter has bound a certain foreign peptide.
KIR3DL2 (NKAT4; p140) is expressed as homodimers on
the surface of NK cells. It binds different HLA-A antigens
when complexed with certain peptides derived from the viral
protein EBV nuclear antigen 1 (reviewed in ref. [53]). The
ligands for other KIR are not yet known (see Table 5).
Afﬁnities of KIR for their ligands. It is important to note
that KIR differ in their afﬁnities for their MHC ligands. For
example, the KIR2DL1 binds with group II HLA-C with higher
afﬁnities than does KIR2DL2 for its respective MHC ligands
(group I HLA-C). Furthermore, KIR2DL2 has higher afﬁnity
for its ligands than its allelic variant KIR2DL3. Similarly
different KIR3DL1 allotypes bind to HLA-Bw4 allotypes with
different afﬁnities. These differences in afﬁnities of different
KIR for their respective MHC ligands are important from the
functional point of view as they translate into different levels of
inhibition of the NK cells. The differences in afﬁnities are more
pronounced between activating and inhibitory KIR.
The S KIR have activating functions. They may represent an
allelic variant of an inhibitory KIR gene (e.g., KIR3DS1 is an
allelic form of the KIR3DL1) or may represent a distinct
activating KIR gene (e.g., KIR2DS4). It is believed that acti-
vating KIR bind the same HLA antigens as do their inhibitory
counterparts but with several orders of magnitude lower afﬁn-
ities. In fact, many authors believe that these receptors may
bind some unknown ligands expressed by human pathogens,
malignant cells, and/or they may bind their cognate MHC
ligands that have bound foreign pathogen-derived peptides [52,
53, 79]. It is noteworthy that KIR2DS4 was reported to bind an
unknown ligand present on the surface of melanoma cells [80].
The idea is supported further by the fact that certain activating
forms of LY49, which are functional homologues of KIR ex-
pressed on murine NK cells, bind certain viral proteins. For
example, an activating receptor LY49H, which is present on
NK cells in C57BL/6 mice, binds a murine CMV (MCMV)-
encoded glycoprotein m157 and protects the host from the
virus [81]. The virus-susceptible mouse strain 129/SvJ lacks
this receptor and instead expresses an inhibitory receptor
LY49I for the viral glycoprotein on NK cells. The viral glyco-
protein m157 is an MHC class I homologue encoded by MCMV
to evade the host’s NK cell responses [1]. Another activating
receptor LY49P recognizes MHC class I antigens (H-2DK) in
mice when bound with a viral peptide [82].
A functional consequence of the different afﬁnities of the
inhibitory and activating KIR for their MHC ligands is that
under physiological conditions, inhibitory KIR act as domi-
nant-negative regulators for NK cell functions. They are the
main receptors that regulate NK cell functions in humans and
maintain tolerance of NK cells toward one’s own cells.
KIR-binding and MHC-bound peptides. The binding
of two-domain KIR to their MHC ligands is sensitive to the
nature of the bound peptide. Certain amino-acid side-chains at
p7 and p8 of the peptide may interfere with the binding [83].
Otherwise, these KIR do not distinguish between self and
nonself peptides bound to their MHC ligands. However, the
three-domain KIR are sensitive to the peptide bound to Bw4.
Usually, they can bind to their MHC class I ligands complexed
with endogenous peptides. This prevents NK cells from killing
the body’s own cells. The binding of a foreign peptide to their
MHC ligands may abrogate their binding with these KIR. This
may result in loss of the KIR-imposed inhibition on the NK
cell. For example, the binding of a neomycin-derived peptide
to HLA-B27 abrogates its recognition by KIR3DL1 [84]. Neo-
mycin-expressing cells are no longer recognized by NK cells
expressing this KIR and hence, may be killed. Such interfer-
ence with KIR recognition may have consequences for the
cell’s susceptibility to NK cell-mediated killing. In this re-
spect, the three-domain KIR behave as TCRs as far as recog-
nition of HLA molecules is concerned. However, the conse-
quences of the recognition are quite opposite to each other: T
cells recognize HLA via TCR and kill target cells, whereas NK
cells recognize HLA via KIR3DL1 and spare them from kill-
ing. As three-domain KIR may recognize several HLA ligands
in association with one or more pathogen-derived peptides,
they essentially remain pattern-recognizing molecules, and
TCRs recognize only a particular HLA in association with a
well-deﬁned, single foreign peptide and are antigen-speciﬁc.
CD94/NKG2C killer lectin-like receptor (KLR)-C (NKG2/CD94
family)
They are also known as the NKG2/CD94 family of receptors.
The receptors of this family are type II, C-type, lectin-like
integral membrane glycoproteins. As shown in Figure 4, they
are expressed on the cell surface as heterodimers with CD94
(NKp43; KLR-D1), which is also a type II, C-type, lectin-like
polypeptide. CD94 lacks a cytoplasmic tail and cannot trans-
duce signals. However, it is essential for the cell surface
expression of NKG2 receptors. Members of this family as well
as other non-KIR human NKR are given in Table 6. There are
four receptors in the family: A/B (KLR-C1), C (KLR-C2), E/H
(KLR-C3), and F (KLR-C4). B and H represent splice variants
of A and E genes, respectively [52, 54, 85]. The genes for these
receptors are located on human chromosome 12p12.3–p13.2 in
a region called NK gene complex (NGC). Of these receptors,
CD94/NKG2A has inhibitory function, and it carries two ITIMs
in its long cytoplasmic tail. It is expressed in a subset of human
NK cells having the CD56high CD16low phenotype. It is also
expressed, albeit at lower levels, on the CD56low subset of NK
cells. NKG2C has a short cytoplasmic tail, associates nonco-
valently with a homodimer of DAP-12, and activates NK cells
upon binding with its ligands. NKG2E is also considered an
activating receptor. It has a charged amino acid (lysine) in its
transmembrane region, but it does not associate with DAP-12.
The NKG2A and NKG2C are expressed on overlapping subsets
of CD56 NK cells [54]. NKG2F has a truncated extracellular
domain comprising only 12 amino acids. It has a charged
amino acid (lysine) in the transmembrane region and two ITIMs
in its cytoplasmic tail. The protein is retained intracellularly. It
does not form heterodimers with CD94 but can complex with
DAP-12 [86]. Thus, it may sequester DAP-12 and regulate
functional activities of other receptors that use DAP-12 as a
signaling partner. Interestingly, DAP-12 has also been impli-
cated in myelination and bone resorption (reviewed in ref.
[87]).
The NKG2 receptors bind HLA-E: a nonclassical MHC
class Ib molecule [88–90]. HLA-E is expressed in two isoforms
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in humans, and both bind equally well to these receptors.
HLA-E binds a peptide, VMAPRTVLL, which is present in the
signal sequences of many classical MHC class I molecules
(HLA-A, -B, -C), and a nonclassical MHC class I molecule
HLA-G [89, 91, 92]. Without this peptide, HLA-E does not
fold properly and therefore, is not expressed on the cell sur-
face. Thus, NK cells have developed an elegant way to monitor
the overall expression of MHC antigens on the surface of target
cells by CD94/NKG2-mediated monitoring of HLA-E. Inter-
estingly, human CMV (HCMV) encodes a glycoprotein UL40,
which increases the expression of HLA-E on the surface of the
virus-infected cells by providing this peptide and hence, in-
creases their resistance to killing by NK cells [93]. HLA-E is
normally expressed as well as released by placental tropho-
blasts, vascular endothelial cells, and peripheral blood cells
(monocytes, DC, and T, B, and NK cells). Its expression is
increased on human cells by certain cytokines, e.g., IFN-,
TNF-, and IL-1 [94]. The expression of HLA-E on human
cells may protect them from NKG2A-bearing NK cells, and
soluble HLA-E may interfere with this protection.
The KLR family NKRs have nonclassical, lectin-like do-
mains. Therefore, they can bind nonsugar moieties on their
ligands [95] (reviewed in ref. [96]). It has been demonstrated in
vitro that NKG2A can bind efﬁciently to HLA-E produced in
bacteria.
ILT (CD85) family
The family has also been given other names: leukocyte Ig-like
receptor (LILR) and macrophage Ig-like receptors. It com-
prises 13 members. They vary in the number of Ig-like domains
present in their extracellular regions and may be inhibitory or
activating as in the case of KIR (reviewed in refs. [52, 54]).
They are mostly expressed on monocytes, macrophages, DC,
and certain subsets of B and T cells. One member of the family
ILT-2 (LILRB1; CD85j) is also expressed on a subset of NK
cells (Fig. 5 and Table 6). The receptor has four Ig-like
domains in its extracellular region and four ITIMs in its cyto-
plasmic tail. ILTs bind classical and nonclassical HLA mole-
cules (e.g., HLA-G). ILT-2 preferentially binds HLA-G [97]. It
interacts with the 3 domain of the MHC class I molecules and
competes with CD8 for binding to the MHC ligand [98]. ILT
genes are present on chromosome 19 close to the KIR gene
cluster.
CD160 (BY55)
It is a GPI-anchored, Ig-like molecule expressed on the
CD56dim subset of NK cells, 	 TCR-positive T cells, and a
subset of CD8 T lymphocytes. It binds HLA-C, -G and other
HLA molecules. NK cell stimulation via CD160 leads to se-
cretion of a unique, proinﬂammatory proﬁle of cytokines:
IFN-, TNF-, and IL-6. A soluble form of the molecule, shed
from activated human NK cells, can inhibit functions of
CD160 NK and T cells [99]. CD160-positive NK and CTL are
usually implicated in inﬂammatory conditions.
Non-MHC-binding receptors
NK cells also express several types of receptors, which recog-
nize different molecular structures (but not MHC antigens)
present on the surface of target cells. These receptors are as
below.
NKG2D receptor (KLR-K1; CD314)
Originally, this receptor was placed in the CD94/NKG2 family.
However, it differs from members of this family in many
TABLE 6. Non-KIR NKRs
Receptor Signaling partner Distribution Ligand (function)
1. NKp46 FcεR1, CD3 chain NK HA ()
2. NKp44 DAP-12 Activated NK HA ()
3. NKp30 FcεR1, CD3 chain NK ? ()
4. FcRIIIa (CD16) FcεR1, CD3 chain NK (s) IgG, IgE ()
5. FcRIIc (CD32) FcεR1, CD3 chain NK (s) IgG ()
5. 2B4 (CD244) SAP, EAT-2, SHIP-1 NK (s), T (s) CD48 (/–)
6. NKG2D DAP-10 NK, CTL, Mac SIP ()
7. DNAM-1 Fyn NK (s) Nectin-2, PVR ()
8. TACTILE (CD96) Fyn NK (s) Nectin-2, PVR ()
9. NKR-P1A FcεR1 NK, NKT, CTL (s) LLT-1 (/–)
10. NKG2C/CD94 DAP-12 NK and CTL (s) HLA-E ()
11. CD94/NKG2A SHP-1, 2 NK (s) CTL (s) HLA-E (–)
12. ILT-2 (CD85j) SHP-1, 2 NK (s) B, Mac, DC HLA-G (–)
13. KLR-G1 SHP-1, 2 NK (s), CTL (s) Cadherens (–)
14. SIGLEC-7 SHP-1, 2 NK Sialic acid (–)
15. NKp80 ? NK AICL ()
16. FcRL6 SHP-2 NK IgG complexes (–)
17. CD160 (BY55) PI-3K NK (s) HLA-C. G ()
18. CEACAM-1 (CD66a) CD16? NK CEA and related proteins ()
19. CD38 CD16 NK CD31 ()
AICL, Activation-induced C-type lectin expressed on monocyte/macrophages; CEA, carcinoembryionic antigen; CEACAM-1, CEA-related cell adhesion
molecule; EAT-2, Ewing’s sarcoma-activated transcript-2; FcRL6, FcR-like protein 6; SAP, signaling lymphocyte-activating molecule (SLAM)-associated protein;
SIP, stress-induced proteins [MICA, MICB, UL16-binding protein (ULBP)]; PVR, Poliovirus receptor; DNAM-1, DNAX accessory molecule 1; TACTILE, T
cell-activated increased late expression; SIGLEC-7, sialic acid-binding Ig-like lectin 7. The designations (), (–), and (/–) indicate that the function is activation,
inhibition, and both, respectively. (s) indicates that expression is restricted to a subset of the cell population.
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respects. It does not form heterodimers with CD94 (see Fig. 5
and Table 6). It is expressed as homodimers, and each ho-
modimer associates noncovalently with a homodimer of an
adaptor protein DAP-10, which is a DAP-12-related protein
but does not contain ITAM motifs in its cytoplasmic tails [100].
Instead, DAP-10 carries a YxxM motif, which upon phosphor-
ylation of its tyrosine residues, can recruit the regulatory
subunit p85 of PI-3K and growth-factor receptor-bound protein
2. This motif is also present in the cytoplasmic tail of the T cell
costimulatory molecule CD28. However, there are important
differences between CD28- and NKG2D-transduced signals.
The engagement of NKG2D alone, but not of CD28, on NK as
well as on T cells allows formation of an IS with target cells
[101].
The NKG2D receptors do not recognize and bind HLA-E, as
do all members of the CD94/NKG2 family. Instead, they bind
MICA, MICB, and the HCMV ULBPs [102]. MIC genes are
located on human chromosome 6q25 outside the MHC locus.
Of the six distinct MIC genes, only MICA and MICB are
transcribed. Structurally, MIC proteins resemble MHC class I
heavy chain, and each has three (1, 2, and 3) domains;
however, they do not bind antigenic peptides and do not
complex with -2 microglobulin. The MIC genes are highly
polymorphic. At least 54 MICA and 19 MICB alleles have been
described. The MIC allotypes vary in their ability to bind
NKG2D (reviewed in ref. [103]). For example, MICA*01 and
07 allotypes bind strongly, and MICA*016 binds NKG2D
weakly. Some allotypes such as MICA*08 and *010 are de-
fective and are not expressed on the cell surface. Thus, an
individual’s capacity to mediate NKG2D-mediated killing may
depend on his/her inherited MIC genes. Under physiological
conditions, the expression of MICA and MICB is restricted to
the basolateral surface of intestinal epithelial cells and ﬁbro-
blasts. However, they can be induced de novo on different host
cells by stress, transformation, and viral infections. More spe-
ciﬁcally, DNA damage response triggered by stalled DNA
replication, genotoxic drugs, irradiation, and hydroxyurea in-
duces expression of MIC and other NKG2D ligands. The
response is accompanied by activation of ataxia telangiectasia
mutated (ATM) and ATM and Rad-3-related (ATR) kinases.
The stimuli, which do not result in the induction of DNA
damage response and activation of ATM and ATR (e.g., heat
shock, hypoxia, inﬂammation, TNF-, or IL-8), do not induce
expression of NKG2D ligands [104–107]. MIC proteins may be
cleaved via matrix metalloproteinases and shed from the cell
surface as soluble proteins, which bind to and down-regulate
the expression of NKG2D on NK cells. Tumor cells usually
shed these proteins as an immune evasion mechanism [108,
109].
The ULBPs were ﬁrst discovered by their ability to bind
UL-16 of HCMV and appear to have ubiquitous expression at
the mRNA level. Five distinct ULBPs (1–5) have been iden-
tiﬁed. Of these, ULBP3 and -4 do not bind UL16. Structurally,
they resemble MIC proteins but lack -3 domains and could be
GPI-anchored (ULBP1, -2, and -3) or have transmembrane
regions (ULBP4 and -5; reviewed in refs. [110, 111]). In the
mouse, NKG2D recognizes H-60 (a minor histocompatibility
antigen), the retinoic acid early inducible protein 1 (Rae-1),
and a murine ULBP-like transcript 1 (reviewed in ref. [96]).
NKG2D is an activating NKR. In addition to NK cells,
resting and activated human CD8 T lymphocytes express
NKG2D [112]. Both of these cell types can efﬁciently kill
NKG2D ligand-positive target cells. The CD8 T cells do so
without their TCR coengagement [113]. Certain cytokines, e.g.,
IL-12 and IL-15, can increase expression of NKG2D on these
cytotoxic cells, whereas cytokines such as TGF- and IL-10
can decrease their expression. The cytokine-induced, in-
creased expression of NKG2D on CTL greatly enhances their
NK cell-like killing capabilities (reviewed in ref. [111]). NK
cells may play an anti-inﬂammatory role by killing overtly
activated macrophages, which start expressing ligands for
NKG2D [17]. It is noteworthy that stimulation of macrophages
via TLR induces NKG2DL in macrophages [114]. On the other
hand, certain cytokines such as IL-1 and TNF- have been
shown to induce MIC and ULBP expression on oligodendro-
cytes and neurons. NKG2D-mediated killing of oligodendro-
Fig. 5. Non-MHC-binding NKRs. The re-
ceptors, their ligands, and signaling part-
ners are shown. ITSM, Immunoreceptor ty-
rosine-based switch motif; Col, collagens.
The YxxM motif, when phosphorylated, re-
cruits PI-3K; not drawn to the scale. The
question mark (?) indicates that the ligand is
unknown. NTB-A, NK-T-B (NK, T-B cell an-
tigen) antigen; LAIR-1, leukocyte-associated
Ig-like receptors.
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cytes has been shown to play a role in the development of
multiple sclerosis in humans [115].
Natural cytotoxicity receptors (NCRs)
Three NKRs, NKp46 (CD335), NKp30 (CD337), and NKp44,
are called NCRs (Table 6 and Fig. 5). They trigger NK cell-
mediated killing and secretion of IFN- upon their engage-
ment. NKp46 and NKp30 are expressed on resting and acti-
vated NK cells, whereas NKp44 is expressed only on cytokine-
activated NK cells [116–118]. NCRs belong to the Ig
superfamily (IgSF). They have extracellular Ig domains and
associate noncovalently with DAP-12 (NKp44), - (NKp46),
and - chains (NKp30). The ligands for the NCR mostly
remain unknown. Two members of the group, NKp46 and
NKp44, are known to bind the sialic acid-binding glycopro-
teins, e.g., HA and HA-neuraminidase, of the inﬂuenza and
parainﬂuenza viruses, respectively [40].  2,6-Linked sialic
acid moieties and the sugar-carrying residue Thr 225 near the
membrane proximal region of the receptor play an important
role in binding to the ligands [119]. The NCR ligands may also
occur on normal hematopoietic cells. For example, NK cells
speciﬁcally use NKp30 to kill immature DC, suggesting that
these cells bear NKp30 ligands. NKp46-positive NK cells
protect host from inﬂuenza viruses, as the viruses cause lethal
infections in NKp46-deﬁcient mice [120].
NKR-P1 (CD161; KLR-B1)
The receptors occur as s–s-bonded homodimers on the cell
surface. They were ﬁrst described in mice as NKR-P1C or
NK1.1 antigen occurring on NK cells of C57BL/6 mice. In
rodents, ﬁve distinct genes (A, B, C, D, and F) have been
described. They encode activating receptors except for B and D
genes, which encode inhibitory versions of the receptor. The
humans have A gene. Its protein (CD161) is expressed on NK
cells, NKT cells, and a fraction of CD8 T cells. The human
CD161 binds LLT-1 and transmits activating signals via the
-chain of the FcεRI. LLT-1 is usually expressed on mono-
cytes and T, B, and NK cells. IL-2 can induce its expression on
NK cells. The receptor differentially regulates NK and T cell
functions: It increases TCR-mediated IFN- production in T
cells but inhibits cytotoxicity and IFN- production in NK
cells [121]. Another study has shown that the receptor cross-
linking induces IFN- production but not cytotoxicity in hu-
man NK cells [122]. Thus, the receptor may perform dual
functions. The occurrence of the receptor and its ligand on NK
and T cells suggests that the receptor may interact with its
ligand in cis.
SLAM-related receptors (SRRs)
The SLAM (CD150) is expressed in T cells and transmits its
signals via an adaptor protein called SLAM-associated protein
(SAP; or SH2D1A). The SRRs include 2B4 (CD244), NTB-A
(Ly108), and CD2-like receptor on activated cytoxic cells
(CRACC; CD139). These receptors are related to SLAM, as
they all use similar signaling molecules, SAP, or related mol-
ecules (see Table 6). The genes for SRR are located on human
chromosome1q22. They are expressed on NK cells, monocytes,
basophils, 	 TCR-bearing T cells, and CD8 T cells of the
effector/memory phenotype (Fig. 5). The receptors bear so-
called ITSM (TIYxxV/I) in their cytoplasmic tails. These re-
ceptors transmit activating signals via SAP, which has a motif
in its SH2 domain centered on Arg 78. This motif binds the
SH3 domain of the src family kinase Fyn (reviewed in ref.
[123]). SAP-Fyn-mediated signaling is important for TH2-type
cytokine responses. Interestingly, SAP KO mice lack NKT
cells [124]. A distal tyrosine-based motif (TVYxxV/I) in the
cytoplasmic tail of the receptor can recruit SHIP, which can
dephosphorylate phosphatidyl 3,4,5-triphosphate to phosphati-
dyl 3,4-biphosphate. Another SAP-like adaptor protein, EAT-2
or SH2D1B, can replace SAP and associates with SRRs. How-
ever, EAT-2 cannot recruit Fyn. In the absence of SAP, 2B4
may act as an inhibitory receptor. As a result of this ability of
2B4 to act as an inhibitory as well as an activating receptor, it
is recognized as a receptor with dual functionality. Early in
ontogeny when NK cells become cytolytic but still have not yet
expressed KIR and NKG2A receptors, they do not express
SAP. 2B4 acts as an inhibitory receptor and prevents autoag-
gression from these developing NK cells. It has been demon-
strated that EAT-2 and SAP bind 2B4 in resting and activated
NK cells, respectively. The ligand for 2B4 is CD48, which is
widely expressed on human cells except plasmacytoid DC.
Interestingly, 2B4 in mice mainly acts as an inhibitory recep-
tor. 2B4 KO mice show increased cytotoxicity against CD48-
expressing target cells. The mouse NK cells also express a
EAT-2-related transducer, which like EAT-2, cannot recruit
Fyn. The gene for SAP is located on the X chromosome in
humans. It is noteworthy that genetic defects in SAP can cause
X-linked lymphoproliferative disease and fatal EBV infections
in humans [125, 126]. NTB-A, like 2B4, may bind SAP and
EAT-2. The two adapters seem to control cytokine production
and cytotoxicity in NK cells, respectively [127]. In resting NK
cells, CRACC binds EAT-2 but dissociates from it upon acti-
vation and recruits PI-3K and PLC-. NK cells may interact
with macrophages, CTL, and other cells via 2B4/CD48 inter-
actions.
KLR-G1 or mast cell function-associated antigen
It is a type II lectin-like inhibitory receptor expressed as an
s–s-bonded dimer on the surface of mast cells. It is also
expressed on antigen-speciﬁc CTL of the effector/memory phe-
notype, a subset of CD56dim NK cells, and certain CD4 T
cells in humans as well as in mice [128]. Its cross-linking
inhibits cytokine secretion and cytotoxicity but not prolifera-
tion. It inhibits IgE-mediated activation of mast cells. The
receptors bind ubiquitously expressed endothelial (E), neural,
and retinal cadherins or junction proteins [129]. Interestingly,
E-cadherins are lost in epithelial tumors undergoing metasta-
sis.
FcRL
They make a growing family of molecules with homology to
FcRI. All FcRL are mainly expressed on B cells; however,
one member of the family, FcRL6, is expressed on the surface
of NK cells as well as on a subset of CD8 T cells of the
effector-memory phenotypes [130]. Its novel cytoplasmic, cys-
teine-rich motif can recruit SHP-2 and inhibit cellular func-
tions.
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NKp80 (KLR-F1)
It is a type II lectin-like molecule expressed as s–s-bonded
homodimers on the surface of NK and CD3CD56 T cells.
The cytoplasmic tail has two E/KxYxxL/T tyrosine-based mo-
tifs. It is expressed on NCRdull and NCRbright NK cells. The
receptor binds AICL, which is a myeloid-speciﬁc activating
receptor [131]. Its gene is located in the NGC close to that of
CD69.
DNAM-1 (CD226)
The receptor belongs to the IgSF. It is expressed on the surface
of NK, T, and a subset of B cells in physical association with
LFA-1. Its gene is located on human chromosome 18q22.3
(Fig. 5). Its ligands include PVR (CD155), Nectin-2 (CD112),
and nectin-like molecules, which are widely expressed on a
variety of cells, e.g., endothelial, epithelial, and neuronal cells
and ﬁbroblasts [113]. The receptor is implicated in transendo-
thelial migration, diapedesis, costimulation, and adhesion. A
receptor closely related to DNAM-1 is CD96 (TACTILE). It
bears 20% homology with DNAM-1 and also binds to nectins
and nectin-like molecules.
Four Ig-like B7 homologues (4IgB7H or B7H)
These receptors belong to the B7 family and are expressed on
NK and T cells. They may activate or inhibit the cell. One
member of the family, B7-H1 [also called programmed death
(PD) ligand-1], is expressed on NK cells. Its expression is
increased by certain chemokines (e.g., CXCL-9, -10, and -11)
on NK cells [132]. The receptor is also expressed and/or can be
induced on several cell types in the body. The receptor inter-
acts with its ligand PD-1 and causes premature activation of
naı¨ve T cells and inhibition/apoptosis of antigen-speciﬁc ef-
fector cells. It may be relevant to mention here that increased
expression of PD-1 on HIV-speciﬁc T cells has been impli-
cated in immunodeﬁciency in HIV-infected persons [133].
SIGLEC-7 [p75; adhesion receptor molecule-1; (AIRM-1);
CD328]
SIGLECs are a family of sialic acid-binding Ig-like lectins,
which belong to the superfamily of sialoadhesion proteins. Of
these molecules, SIGLEC-7 (or AIRM-1) is expressed on the
surface of human NK cells. Two other molecules, SIGLEC-9
(CD329) and SIGLEC-3 (CD33), are expressed relatively
weakly on human NK cells. The SIGLECs transduce inhibitory
signals upon binding with sialic acid moieties.
CEACAM-1 (CD66a)
It binds CEA and CEA-related antigens, which are expressed
on tumor cells. The binding inhibits NK cell-mediated func-
tions [134]. One of its ligands is PECAM-1 (CD31), which is
expressed on vacscular endothelial cells as well as on NK
cells. Cross-linking CD31 on NK cells activates LFA-1 [135].
LAIR
Two members of the family, LAIR-1 (CD305) and LAIR–2
(CD306), have been described [52, 54]. They are ubiquitously
expressed on all leukocytes including NK cells. LAIR-1 has
one Ig-like domain in its extracellular region and one ITIM in
its cytoplasmic tail. The receptors bind collagens, which are
abundantly expressed proteins in the body. Collagens are not
present in blood, so leukocytes are only exposed to the LAIR
ligands when they extravasate blood and enter tissues.
NK CELL CORECEPTORS
NK cells express several coreceptors, which bind to their
cognate ligands on target cells and send costimulatory signals.
These signals add to the overall strength of the activating
signal. Adhesion molecules, which include integrins, selectins,
and Ig-like molecules, usually act as coreceptors for NK cells
(listed in Table 7). The distinction between NKRs and core-
ceptors is not very clear. Some molecules considered as core-
ceptors (e.g., LFA-1) may trigger NK cell-mediated lysis under
appropriate conditions and hence, may qualify as activating
receptors.
Integrins are heterodimers of  and  chains and may be of
1 and 2 types. LFA-1 is a 2 integrin (L:2; CD11a/
CD18), which is expressed by NK cells and other leukocytes.
It is involved in essential early steps in NK cell-mediated
killing [136]. It mediates contact and adhesion of NK cells with
TABLE 7. Human NK Cell Coreceptors
Name Ligand Expression Function
CD2 (LFA-2) D58 (LFA-3)
CD48 (weakly)
All NK Costimulation, adhesion
LFA-1 (CD11a/CD18) CD54 (ICAM-1–5) All NK Costimulation, adhesion
Cytoskeleton rearrangement
CD8 MHC class I Subset Costimulation, adhesion
CD69 unknown Activated NK Costimulation
CD56 (N-CAM) self Subset Homotypic adhesion
CD59 C8, C9 All NK Adhesion, costimulation
CD57 unknown Subset Marker of senescence
CD28 B-7 Fetal NK Costimulation
CD27 CD70 Subset Costimulation
CD44 Hyaluronic acid Activated NK Costimulation, adhesion
VLA-4 Fibronectin, VCAM-1 MAdCAM-1 Subset Adhesion, diapedesis
VLA-5 Fibronectin Subset Adhesion, diapedesis
N-CAM, Neural cell adhesion molecule; VCAM, vascular cell adhesion molecule; MAdCAM, mucosal adressin cell adhesion molecule.
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the target cell as well as polarization of cytoskeleton (actin and
microtubules) and granules in NK cells toward the target cell
[44]. It is noteworthy that certain chemokines and cytokines
(such as CCL-5, IL-2, and IL-15) as well as inside-out signal-
ing from certain activating receptors (such as CD31) can in-
duce conformational changes in LFA-1. These changes en-
hance afﬁnity and avidity of the integrin for its ligands. Other
2 integrins expressed by NK cells include type III comple-
ment receptor (CR3; Mac-1; M:2; CD11b/CD18) and CR4
(X:2; CD11c/CD18). The 1 integrins expressed by NK
cells include VLA-4 (41; CD49d/CD29) and VLA-5 (51;
CD49e/CD29). They were named so because of their late
expression in the course of T cell activation. Their ligands are
indicated in Table 7. NK cells use these molecules to interact
with vascular endothelial cells. These interactions are impor-
tant for NK cell extravasation and also regulate angiogenesis.
The costimulation of NK cells via integrins usually facilitates
their cytotoxicity and cytokine secretion. However, coligation
of 4:1 has also been implicated in the inhibition of CD16-
mediated killing of NK cells [137].
CD56 is an isoform of the N-CAM and is involved in
homotypic cell adhesions. It is an IgSF member. The expres-
sion of CD56 on the surface of CD8 T lymphocytes coincides
with their acquisition of cytolytic potential [138]. Twenty per-
cent to 30% human (but not murine) NK cells express CD8 on
their surface. This coreceptor stabilizes interaction of NK cells
with target cells by binding with MHC [54]. CD69 is an early
marker of NK cell activation. Its expression correlates with the
cytotoxic potential of NK cells. CD25 represents the IL-2R
chain. Its expression correlates with the proliferative capacity
of NK cells in response to picomolar concentrations of this
cytokine. CD27 is a member of the TNFR family. It binds
transferin receptor (CD70) on target cells. CD44 binds hyal-
uronic acid on matrix proteins and facilitates LFA-1-mediated
adhesion. CD59 is a GPI-anchored membrane glycoprotein,
which physically interacts with NKp30 and NKp46 on the
surface of NK cells. It is a complement regulatory protein and
protects cells from death as a result of complement activation.
It binds to the complement proteins C8a and C9. As a result of
its physical association with the NCR, it transduces positive
signals upon binding to its ligands and thus, acts as a core-
ceptor for NK cells.
Finally, resting fetal NK cells but not adult human NK cells
express CD28, CD80 (B7.1), and CD86 (B7.2) as coreceptors.
DIVISION OF LABOR AMONG NKRs
It has been demonstrated that no activating NKR alone is able
to kill insect (Drosophila) cells expressing its cognate ligands
[44]. The engagement of LFA-1 by its ligands expressed on
insect cells causes contact and adhesion as well as polarization
of NK cell granules and cytoskeleton. Nevertheless, it does not
result in degranulation of NK cells. On the other hand, the
engagement of CD16 by human IgG expressed on insect cells
causes contact and degranulation of NK cells but not polariza-
tion of their cytoskeleton. However, a simultaneous engage-
ment of CD16 and LFA-1 results in contact, adhesion, polar-
ization, and degranulation of NK cells resulting in secretion of
cytokines and killing of the target cells. Thus, activating sig-
nals emanating from these two distinct receptors complement
each other in NK cell-mediated killing of target cells. It has
been demonstrated that cross-linking of CD2, 2B4, or NKG2D
alone by speciﬁc mAb results in minor Ca ﬂuxes in resting
human NK cells [44, 137]. These data suggest that there exists
a certain degree of division of labor among NK cell-activating
receptors. It is noteworthy that different activating receptors
and coreceptos may differ from each other in their signaling
pathways. Two activating receptors with disparate signaling
pathways may complement each other and trigger NK cell-
mediated killing. On the other hand, a simultaneous engage-
ment of two or more receptors with similar signaling pathways
(e.g., use of ITAMs) may not result in triggering NK cell
funtions. They may simply show functional redundancy and not
complementarity. Therefore, a combination of at least two
activating receptors with disparate signaling pathways must be
coengaged by target cells to provoke NK cell-mediated killing.
This implies that to be killed by a NK cell, it is compulsory for
the target cell to express cognate ligands for at least two
distinct activating NKRs. This provides a safety mechanism
against autoaggression by NK cells. The reductionist approach
of analyzing functions of activating NKRs in insect cells has
challenged traditional concepts of NKRs and coreceptors. In
the light of these observations, a reappraisal of the role of
various NKRs in the process of NK cell-mediated killing is
needed.
REGULATION OF NK CELL FUNCTIONS
BY NKRs
NK cell-mediated killing of target cells is tightly controlled by
inhibitory and activating receptors. This control ensures that
NK cells do not kill normal, healthy cells of the body and cause
tissue destruction (autoimmunity). As mentioned above, KIR
and NKG2A are the main NKRs that inhibit NK cell-mediated
killing. These receptors bind MHC class I antigens. Therefore,
the body’s healthy cells, which express normal levels of these
self-antigens, are spared from NK cells. The existence of MHC
class I antigen-speciﬁc inhibitory receptors was in fact pre-
dicted by the “missing-self hypothesis” proposed by Ka¨rre’s
group in the mid-1980s [139]. These workers observed that NK
cells preferentially killed tumor cells, which lacked or have
reduced expression of MHC class I antigens. They also ob-
served that MHC-positive cells were resistant to killing by NK
cells (reviewed in ref. [139]). Their hypothesis was based on
these observations. It posited that NK cells sense the expres-
sion of MHC class I antigens on the surface of target cells and
kill those cells that lack these antigens. The discovery of MHC
class I-binding inhibitory receptors (e.g., KIR and LY49 on
human and mouse NK cells, respectively) proved validity of
their hypothesis. However, NK cells have also been found to
express a multitude of activating receptors and coreceptors,
which bind to various MHC and non-MHC ligands expressed
on the surface of target cells. The discovery of these receptors
was a surprise, as their existence was not predicted by the
missing-self hypothesis.
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The current model of NK cell function is based on the
engagement of its inhibitory and activating receptors by their
cognate ligands expressed on the surface of target cells. When
an NK cell comes in contact with a target cell, inhibitory and
activating receptors may bind with their cognate ligands ex-
pressed on the surface of the target cell. The balance between
inhibitory and activating stimuli received by the NK cell
determines whether it will kill or spare the target cell (Fig. 2).
Under physiological conditions, inhibitory signals usually re-
main dominant over activating ones. If for some reason, MHC
class I expression is reduced on body cells, it may turn the
balance of NK cell-received signals in favor of activating ones
(as a result of loss of MHC-mediated inhibition of NK cells)
and may make these cells susceptible to NK cell-mediated
killing. Viral infections and malignancy may cause a reduction
in the expression of MHC class I antigens on the surface of
infected cells. That may explain, at least in part, why NK cells
can kill virus-infected and cancer cells. However, it may be
noted that a MHC-deﬁcient cell is only killed if it expresses
ligands for one or more activating NKRs. Furthermore, down-
regulation of MHC expression by a target cell is not a prereq-
uisite: It may become killed despite expressing normal levels
of MHC antigens if it increases the expression of ligands for
one or more activating receptors. Consequently, if target cells
express NKG2D ligands de novo, the engagement of KIR may
not be able to inhibit NK cell-mediated killing via NKG2D. If
target cells express de novo NKG2D ligands and/or increase
the expression of ligands for other NK cell-activating receptors
as well as down-regulate the expression of MHC antigens, they
would become super-susceptible to NK cell-mediated killing.
The ligands for the activating NKG2D receptor may be induced
on the body cells by viral infections, malignancy, or other
stimuli causing genotoxic stress. Thus, NK cells sense not only
the “missing or altered self” but also “induced self” to detect
hazardous cells and kill them. It is noteworthy that different
NK cell clones may vary in their ability to kill a given target
cell. This ability depends on the repertoire of its activating and
inhibitory receptors as well as its repertoire of signaling and
effector molecules (perforin, FasL, etc).
EXPRESSION OF NKRs
The expression of the main NKR genes, KIR, is controlled at
the transcriptional level. Once expressed, the expression re-
mains fairly stable. KIR genes are expressed clonally on over-
lapping subsets of NK cells in a cumulative and stochastic
manner, independently of each other. A developing NK cell
keeps on expressing its KIR genes at random one after another
until it has acquired an overall level of inhibition that is just
sufﬁcient to make the cell tolerant to autologous cells. An
individual NK cell does not express all KIR genes present in
its genome. It expresses only a subset of these genes. This
mode of expression makes NK cells of an individual heteroge-
neous and variegated with respect to the expression of KIR
(reviewed in ref. [140]). All clonally expressed KIR genes have
more or less similar upstream regulatory regions (reviewed in
ref. [141]). These regions are characterized by the presence of
at least two promoters: a proximal (5
 to ATG codon) and a
distal (located 891–1347 bases upstream of the ATG) pro-
moter. The proximal promoter is composite and consists of
overlapping and bidirectional promoters, which work in oppo-
site directions. It can produce sense and antisense transcripts.
The sense transcripts from the promoter result in splicing and
expression of the KIR protein. The antisense transcripts from
the proximal promoter join sense transcripts from the distal
promoter, make dsRNA, and silence transcription through
RNase III-type nucleases (which cleave dsRNA into small,
uniform, 21 bp segments) and RNA-induced silencing kinase
(reviewed in ref. [142]). The ratio between forward and reverse
transcriptional activities of the proximal promoter of a KIR
gene determines whether the gene is expressed in an NK cell.
The promoter activities involve cell-speciﬁc and nonspeciﬁc
transcription factors. The bidirectional proximal promoters act
as probabilistic binary switches for turning on or off transcrip-
tion of individual KIR genes (reviewed in refs. [141, 143,
144]). The direction of the transcription, once selected, re-
mains ﬁxed for the life of the cell. The presence of reverse
transcripts for a given KIR gene from its bidirectional promoter
represents lack of expression of the gene. The KIR genes, not
expressed in NK cells, are maintained silent, mainly by DNA
methylation of their promoter regions. The transcription start
sites in KIR genes are surrounded by CpG islands, which are
always methylated in nonexpressed genes. Consequently, treat-
ment of NK cells with demethylating agents, e.g., 5-aza-2
deoxycytidine, causes expression of all silenced KIR genes. It
was demonstrated that single base-pair mutations in the acute
myeloid leukemia-binding sites in the promoter regions of two
KIR2DL5 alleles (KIR2DL5.2 and KIR2DL5.4) result in their
transcriptional silence and nonexpression as a protein [145]. It
is noteworthy that the KIR2DL4 promoter is quite different
from those present in other clonally expressed KIR genes and
is not controlled by probabilistic transcriptional switches. This
explains why this KIR gene is expressed ubiquitously.
A consequence of the stochastic expression of KIR genes is
that each NK cell of an individual has a unique repertoire of
expressed KIR. On the average, three to four KIR genes (in-
hibitory and activating ones) are expressed in an individual NK
cell [146–148]. At least one of these receptors binds a self-
MHC class I ligand and induces tolerance to self. The KIR
genotype of an individual determines the repertoire of KIR
expressed on his/her NK cells. The HLA genotype of the
person affects this repertoire in a subtle way. The percent of
expression of a KIR on NK cells of an individual is slightly
increased if he/she also expresses an HLA ligand for that KIR
[149]. A higher number of copies of an individual KIR allele
also enhance its frequency of expression on NK cells. Further-
more, the number of other inhibitory KIR-HLA ligand pairs
expressed in an individual also affects the expression of a given
KIR on his/her NK cells; the higher the number, the lower the
frequency. Therefore, it is not surprising that KIR haplotype
identical sibling pairs with different MHC class I haplotypes
have signiﬁcant differences in the frequencies of expression of
different KIR genes on their peripheral blood NK cells [150].
KIR and NKG2/CD94 receptors are usually expressed on
mutually exclusive subsets of NK cells and complement each
other (Table 2). In the course of NK cell development and
differentiation, NKG2/CD94 receptors are expressed earlier.
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Later in development, these receptors are replaced by KIR.
However, a small proportion of NK cells continues to express
NKG2/CD94 receptors and does not express KIR. In blood,
CD56highCD16low NK cells usually express NKG2/CD94 re-
ceptors.
Although an individual NK cell may express three to four
KIR genes, rarely does more than one of these receptors bind
to a self-MHC antigen. Consequently, each individual NK cell
can sense and respond to changes in individual MHC antigens
on autologous cells. It would not have to wait until there is a
global decrease in the expression of all MHC antigens. A
distinct advantage of the clonal and variegated pattern of
expression of KIR on NK cells is that different NK cells can
sense different MHC class I antigens on target cells. NK cells
in an individual may express certain KIR, which may not bind
to any HLA antigen expressed by him/her. The individual may
not have inherited HLA ligand genes for the receptor. For
example, an individual may have a KIR2DL1 gene but may
lack group II HLA-C genes, which encode its ligands. This may
happen, as KIR and MHC class I genes are located on two
separate chromosomes (12 and 6, respectively) and are as-
sorted independently of each other.
The expression of KIR genes on NK cells usually remains
stable and is least affected by cytokines. IL-21 plays a role in
the induction of these receptors on developing NK cells from
CD34 progenitor cells in in vitro cultures [151]. The cytokine,
however, does not affect KIR gene expression in mature NK
cells. In contrast to KIR, cytokines may regulate expression of
other NKRs. For example, IL-15, IL-10, and TGF-1 were
shown to induce expression of CD94/NK2GA on developing
NK cells as well as on the TCR-stimulated CD8 T cells.
TGF-1 also reduces expression of NKp30 and NKG2D on NK
cells. IL-21 increases the expression of NCR and 2B4 on NK
cells. The cytokine, however, decreases expression of NKG2D
on NK cells as well as on CTL. Glucocorticoids also decrease
NCR expression on NK cells [152–156]. These studies show
that changes in cytokine production, which usually accompany
viral infections and malignancy, may cause changes in the
expression of different receptors on NK cells as well as on T
cells. An altered expression of NKR has important implications
for the functional activity of NK cells; it may lead to the
emergence of autoimmune NK cell clones if inhibitory recep-
tors on NK cells are reduced, and/or activating receptors are
overexpressed. NK cells may also become immunodeﬁcient if
inhibitory receptors to MHC antigens are overexpressed on
them. It has been demonstrated in the mouse model in vitro
and in vivo that blocking NK cell inhibitory receptors by small
molecular weight inhibitors or by receptor-speciﬁc antibodies
increases NK cell activity against tumors and results in their
regression [157]. The autoimmune cells may kill normal, au-
tologous cells, whereas the immunodeﬁcient ones may not be
able to kill otherwise susceptible malignant or virus-infected
cells. A dysregulated in vivo expression of KIR genes has been
documented to cause immune deﬁciency in humans [120]. The
authors described the case of a person who expressed
KIR2DL1 on all of his NK cells. He was immunodeﬁcient and
suffered from repeated viral and bacterial infections.
ROLE OF INHIBITORY RECEPTORS IN NK
CELL “EDUCATION”
It was proposed that each NK cell in an individual expresses at
least one inhibitory receptor (KIR or NKG2/CD94) capable of
binding to a self-MHC antigen. This ensures that NK cells do
not kill normal, autologous cells. However, it has been dem-
onstrated that some NK cells may not express any inhibitory
receptors (KIR or NKG2/CD94) speciﬁc to a self-MHC antigen.
These cells do not kill autologous target cells and are hypore-
sponsive [158]. According to one school of thought, these cells
have not been “licensed” to kill and therefore, are tolerant of
autologous target cells. According to the “licensing” hypothe-
sis, NK cells must express inhibitory receptors speciﬁc for
self-MHC class I antigens for acquiring killing capacity [159,
160]. This hypothesis implies that these NK cells are somehow
immature. Another group of researchers thinks that these NK
cells are fully mature and capable of killing but are “disarmed”
to kill autologous cells. They argue that as a result of persistent
activation of these cells, their signaling pathways become
attenuated [161]. The disarmed NK cells express all of the
phenotypic markers of fully differentiated, mature NK cells.
Upon activation with pharmacological activators, e.g., ionomy-
cin, they can release cytokines such as mature NK cells. In
conformity with the “disarming” hypothesis, NK cells from
Rae-1 transgenic mice are also hyporesponsive [162]. Further-
more, NK cells are chronically activated in transporter associ-
ated with antigen processing 2-deﬁcient humans but are hypo-
responsive and tolerant to self. This self-tolerance could be
ascribed at least partially to their reduced expression of
NKG2D, -chain, and NKp46 [10].
KIR HAPLOTYPES
As mentioned above, all KIR genes are tightly packed in a
head-to-tail manner in the LRC region (reviewed in refs. [163,
164]). Each KIR gene is 2.0 kb apart. The order of the genes
in the LRC region has been deduced from sequencing of the
KIR haplotypes as well from segregation analyses. KIR hap-
lotypes vary in humans with respect to the number of activating
and inhibitory genes as well as to their allelic forms. Because
of these variations, a large number of KIR haplotypes have
been identiﬁed. These haplotypes may be classiﬁed into two
broad types: A and B. The type A haplotypes usually contain
ﬁve inhibitory KIR genes. They also contain one S or activating
KIR gene (KIR2DS4). This activating KIR, however, is fre-
quently mutated and encodes a nonfunctional receptor as a
result of the presence of a 22-bp deletion in exon 5 of the gene.
About 80% of the Caucasians have this deletion [165]. There-
fore, type A haplotypes usually do not express a functional,
activating KIR. They have an inherent tendency to strongly
inhibit NK cells. Type B haplotypes are more diverse and may
contain more (up to 14) KIR genes, which may include as many
as ﬁve activating KIR (KIR2DS1,- 2, and -3, KIR2DS5, and
KIR3DS1 but not KIR2DS4). It is noteworthy that all human
KIR haplotypes contain KIR2DL4, which acts as an activating
receptor despite having a long cytoplasmic tail. Figure 6
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shows the prevalent KIR gene arrangements present in the
most common A and B types of KIR haplotypes. Four KIR
genes KIR3DL3, KIR3DP1, KIR2D4, and KIR3DL2 are present
in all KIR haplotypes. Of these, KIR3DP1 is a pseudogene.
These genes have been termed the “framework genes” [163,
166]. The frequencies of the two haplotypes vary signiﬁcantly
in different human populations. For example,60% Japanese,
30% Caucasians, and 2% Australian Aborigines are homozy-
gous for A haplotypes [166, 167]. It has been demonstrated that
overall, 12% humans have predominantly inhibitory KIR ge-
notypes (more inhibitory receptors than activating ones), and
36% have predominantly activating ones (more activating than
inhibitory receptors). The rest (52%) have neutral KIR geno-
types (equal number of activating and inhibitory KIR geno-
types). Furthermore, only less than 1% of unrelated humans
has the same KIR genes [168]. In a small percentage of people,
KIR may be truncated or unusually elongated. These inviduals
may lack or may have duplicated copies of certain KIR genes.
The KIR genotype of an individual greatly affects his/her NK
cell responses to viral infections.
KIR-HLA EPISTATIC INTERACTIONS AND
RESISTANCE TO VIRAL INFECTIONS
The KIR bind speciﬁc HLA antigens and regulate NK cells
functions. The two gene families are located on two different
chromosomes in humans. Therefore, they segregate indepen-
dently of each other in meiosis and may result in unique
KIR/HLA genotype combinations in humans. These unique
KIR/HLA combinations translate into unique interactions and
control over NK cell functions in humans. The degree of
inhibition mediated by interactions between coinherited KIR
and MHC class I gene products in an individual determines the
activation threshold for his/her NK cells. The differences in the
inhibition of NK cells result from different afﬁnities of different
KIR for their cognate MHC ligands. Furthermore, individuals
may vary in the number of KIR/MHC inhibitory pairs as well as
in the number of inherited, activating KIR genes [163, 168].
Apart from playing a direct role in killing virus-infected cells,
NK cells effectively regulate several aspects of virus-speciﬁc,
adaptive immune responses. Moreover, KIR (especially the
inhibitory ones) are also expressed on virus-speciﬁc CD8 T
cells, and NKR/MHC interactions have been documented to
control the effector function of these cells. For this reason, the
effects of the KIR/MHC combinations may go beyond NK cells
and determine the overall immune efﬁciency of the individual.
For example, if a person X expresses KIR and MHC antigens
that interact strongly with each other, he/she would be rela-
tively immunodeﬁcient as compared with person Y, whose KIR
and MHC antigens interact relatively weakly with each other.
From the point of view of a viral infection, the X may be at a
relative disadvantage to mount an effective antiviral immune
response and clear the infection as compared with the Y.
However, it has also been argued that X individuals may be
better than Y individuals in dealing with viral infections as a
result of enhanced licensing of their NK cells for killing by
high-afﬁnity KIR [75]. This argument cannot explain the ex-
perimental ﬁndings that the individuals who are homozygous
for group I HLA-C and KIR2DL3 can more efﬁciently clear
needle-prick hepatitis C virus (HCV) infections as compared
with the individuals who are homozygous for KIR2DL1 and
group II HLA-C [79]. As mentioned above, KIR2DL1/group II
HLA-C interactions are stronger and mediate tighter inhibition
of NK cells as compared with that mediated by the KIR2DL3/
group I HLA-C. The implications of coinherited KIR and HLA
genotypes are not restricted to resistance to viral infections
(reviewed in ref. [51]). The individuals with relatively weakly
inhibited NK cells would not only better control viral infections
and other intracellular pathogens, but they would also be in a
better position to control malignancy. On the other hand, they
may be more susceptible to the development of various auto-
immune diseases. Indeed, persons suffering from type I diabe-
tes have been reported to carry a lower frequency of inhibitory
KIR/HLA gene pairs, a higher frequency of activating KIR
genes, and a higher frequency of KIR2DS2/ligand gene com-
binations [169, 170]. It is likely that a genetic imbalance
between KIR and their ligands may have resulted in increased
NK and CTL activities toward pancreatic antigens in these
patients. According to this paradigm, the persons susceptible
Fig. 6. Schematic representation of KIR
haplotypes in humans. A haplotypes contain
ﬁve inhibitory KIR and only one activating
KIR (2DS4), which is frequently mutated. B
haplotypes differ from A in having many
activating KIR genes. The framework genes
(3DL3, 3DP1, 2DL4, and 3DL2; in violet
color) are present in each haplotype. The
ﬁgure shows KIR genes present in the cen-
tromeric and telomeric halves of the fre-
quently found A and B haplotypes above
and below the framework genes, respec-
tively. Each box in the ﬁgure represents a
KIR gene. 3DP1 is a pseudogene.
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to developing autoimmune diseases may control viral infections
more efﬁciently. Consistent with this theme, it has been re-
ported that HIV infection progresses more slowly toward AIDS
in Zambian individuals suffering from the genetically deter-
mined, autoimmune spondylarthritis as compared with the
spondylarthritis-free, HIV-infected persons [171]. The fre-
quent presence of HLA-B27 in these patients may be a con-
tributing factor in slowing the progression to AIDS in these
patients.
KIR-HLA INTERACTIONS IN RESISTANCE TO
HIV INFECTION AND PROGRESSION TO AIDS
Role of Bw4-binding KIR
Several genetic and functional studies have associated certain
HLA allotypes with a rapid development of AIDS in HIV-
infected persons. For example, the HLA-B35 Px allele has been
associated with rapid progression toward AIDS, whereas HLA-
B57 and HLA-B27 alleles have been associated with delayed
progression. The HIV-infected persons carrying the protective
alleles have slower decline of CD4 T cell counts, lower viral
loads in their blood (viremia), and longer AIDS-free survival.
The protective HLA alleles are also over-represented in HIV-
infected persons, who can control HIV replication and do not
develop AIDS for long periods of time (so-called natural con-
trollers or long-term nonprogressors). The HLA-conferred pro-
tection from AIDS has been explained on the basis of the
ability of these HLA allotypes to present immunodominant
viral epitopes and induce broadly reactive polyclonal antiviral
CTL responses [172–175]. It is noteworthy that these protec-
tive allotypes are seropositive for the Bw4 determinant. Fur-
thermore, Bw4/Bw4 individuals have been shown to be rela-
tively resistant to the development of AIDS as compared with
Bw6/Bw6 individuals [75, 176]. As only Bw4-serospeciﬁc HLA
allotypes have been shown to bind three-domain KIR, the
question arises whether KIR/HLA-Bw4 interactions and NK
cells could be involved in the Bw4-mediated resistance to the
development of AIDS. Only a few studies have addressed this
question and investigated the impact of KIR polymorphism as
well as other HLA/KIR gene coinheritance on resistance to the
development of AIDS. In this regard, Martin et al. [77] con-
ducted investigations in a cohort of more than 1000 North
American HIV-infected persons. They reported that an acti-
vating allele of the KIR3DL1 gene, KIR3DS1, was associated
with delayed progression to AIDS in humans coinheriting the
HLA-Bw4-I alleles. In the absence of KIR3DS1, HLA-Bw4-I
alleles were not associated with the protection. More surpris-
ingly, KIR3DS1 alone without its HLA ligand was associated
with a relatively rapid progression of the disease. In a subse-
quent study, the group showed that coinherited KIR3DS1 and
HLA-Bw4-I alleles protected HIV-infected persons from viral
burden in early stages of the infection and from opportunistic
infections in late stages. Their coinheritance, however, af-
forded no protection from HIV-related malignancies [177]. As
mentioned above, KIR3DL1 receptors bind the HLA-Bw4-I
allotypes with higher afﬁnity [70, 71]. Therefore, it can be
argued that a high-afﬁnity interaction between KIR3DS1 and
HLA-Bw4-I allotypes may have resulted in more effective
immune responses (through enhanced activation of NK cells
and/or of T cells, were KIR3DS1 expressed on CTL in these
patients). The problem in this interpretation is that in in vitro
studies, although KIR3DL1 allotypes have been shown to bind
HLA-Bw4 antigens in a peptide-dependent manner, KIR3DS1
does not bind any Bw4 allotype, even when complexed with the
peptides that allow binding of KIR3DL1 allotypes [76, 78].
Alternately, a protein of viral or cellular origin, expressed de
novo on the surface of HIV-infected cells, may have acted as a
ligand for KIR3DS1. It is also possible that another unknown
genetic determinant, which may be in linkage disequilibrium
with KIR3DS1, may have been responsible for this protection.
Furthermore, reasons behind the reported association of
KIR3DS1 with rapid progression of AIDS in the absence of its
HLA ligand remain enigmatic. Another group of researchers
could not corroborate these results in an ethnically different
cohort of HIV-infected persons [178, 179]. They found no
protective effect of coinherited KIR3DS1 and HLA-Bw4-I genes
on AIDS progression. Instead, they found that inheritance of
two linked KIR genes (KIR2DL2 and KIR2DS2; see Fig. 6)
posed a greater risk of developing AIDS if their ligands were
also present, and the presence of the KIR2DL3 gene had a
moderating effect on this risk. They also found that coinher-
itence of the genes for Bw6 and group II HLA-C allotypes was
associated with rapid progression toward AIDS. The authors
concluded that HLA and KIR affect HIV progression indepen-
dently as well as synergistically. In another study on 88 HIV-
infected individuals, it was shown that KIR3DL1 had a pro-
tective effect on the development of AIDS when coinherited
with HLA-B*57 (an allotype with Ile at p80 [180]). An impor-
tant drawback of these studies is that they did not characterize
the KIR3DS1 allele in the patients and control subjects. It is
noteworthy that a mutant, nonfunctional form of KIR3DS1
(*049N) also exists [181, 182]. However, this mutant allele is
rare. Martin et al. [181] reported later that their disease asso-
ciation data were not affected when they adjusted them for the
presence of this allele. It may be relevant to mention here that
KIR3DS1-expressing NK cells as well as T cells expand in
viremic, HIV-infected persons [182]. These data suggest
strongly that KIR3DS1 expression is relevant to this infection.
Further studies are needed to pinpoint its exact role.
Role of KIR3DL1 alleles
It is noteworthy that KIR3DL1 has 59 alleles, 12 of which
encode the activating allotypes (KIR3DS1), and 47 encode
inhibitory (KIR3DL1) allotypes. Depending on their level of
expression on the cell surface, Martin et al. [75] have divided
the inhibitory allotypes into high expressors (KIR3DL1*001,
*002, *008, *015, *009), low expressors (KIR3DL1*005,
*007), and no expressor (KIR3DL1*004). The last one is
retained within cells as a result of its truncated, cytoplasmic
tail. They presumed that the afﬁnities of these allotypes for
their MHC ligands correlated with their expression levels.
They further demonstrated that highly expressing KIR3DL1
alleles were protective when coinherited with HLA-Bw4-I al-
leles as compared with the low-expressing allotypes [75]. This
study also showed relative protection afforded by low-express-
ing KIR3DL1 alleles when coinherited with HLA-Bw4-T as
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compared with the individuals homozygous for Bw6 alleles.
More surprisingly, KIR3DL1*004 also provided protection,
despite the fact that this allotype is not expressed on the cell
surface. This shows that even an intracellularly retained
KIR3DL1 allotype may have functional signiﬁcance. These
results from Martin et al. [75] suggest that the presence of a
pair of inhibitory KIR3DL1 and its HLA ligand in HIV-
infected persons affords protection from AIDS progression.
Furthermore, the strength of the inhibition between the recep-
tor-ligand pair correlates positively with the degree of protec-
tion. These results are not congruent with the paradigm that the
KIR/HLA combinations that favored NK cell activation pro-
vided protection from viral infections and from the develop-
ment of AIDS in HIV-infected individuals. The authors have
argued that if NK cells were more strongly inhibited by
KIR3DL1 receptor/ligand pairs, they would be more cytotoxic
once they were relieved of their inhibition. The argument
derives from the hypothesis that NK cells continue to express
inhibitory KIR one after the other until they acquire sufﬁcient
inhibition to become self-tolerant. Thus, more tightly inhibited
NK cells would be inherently more cytotoxic once their KIR/
HLA-mediated inhibition is lost. The inhibition may be lost if
the expression of HLA-Bw4 decreases on the surface of the
virus-infected cells. Alternately, HLA-Bw4 may present a vi-
rus-derived peptide that may make it unrecognizable by the
KIR3DL1 receptor. However, this argument cannot explain
why coinheritence of KIR/HLA gene pairs, which inhibit NK
cells rather loosely, or the inheritance of KIR without the genes
for their HLA ligands protects humans from HIV and HCV
infections [79, 183]. The authors have put forward another
argument to explain their ﬁndings: In the presence of tightly
inhibited NK cells, only a virus-speciﬁc, immune response is
generated, avoiding a nonspeciﬁc, overall activation of the
immune system. This response is more effective in suppressing
HIV replication. Weakly inhibited NK cells may lead to a
generalized activation of the immune response, which may
cause immune-mediated pathology. However, there is no ex-
perimental evidence to support this argument. On the contrary,
enhanced NK cell activation has been shown to induce better
and stronger antigen-speciﬁc immune responses [184]. Fur-
thermore, it does not explain results from several other studies
in which relatively weakly inhibited NK cells (as a result of
weak-afﬁnity KIR/HLA interactions) have been shown to pro-
vide protection from viral infections as well as from tumors [51,
79, 178]. Even in the case of HIV infection, it has been
reported that persons having weakly inhibited NK cells have
reduced risk of contracting the infection. The study, conducted
in African female sex workers, has shown that the inheritance
of inhibitory KIR genes was protective from contracting HIV
infection when the genes for their cognate MHC ligands were
not coinherited. More speciﬁcally, KIR2DL2/3 heterozygotes
without group I HLA-C and KIR3DL1 homozygotes without
HLA-Bw4 were relatively protected [183]. Furthermore, it has
also been reported that the persons with KIR genotypes having
more activating KIR genes were also relatively protected [183,
185]. In the case of i.v. drug users, stronger NK cell activities
as well as a predominantly activating KIR repertoire (high
KIR3DS1/KIR3DL1, NKG2C/NKG2A ratios, low expression of
KIR3DL1, coinheritance of weakly inhibiting KIR/MHC pairs,
i.e., KIR2DL3/HLA-C of group I) also protect from contracting
HIV infection [185, 186]. Taken together, these studies suggest
that weakly inhibited NK cells not only may slow progression
of HIV infection toward AIDS but also may protect from
contracting HIV infection. It is noteworthy that a hierarchy of
KIR3DL1 allotypes for HLA-Bw4 binding has been described
[149] that differs signiﬁcantly from the one used by Martin et
al. [75].
Concerning the impact of KIR3DS1 and its HLA ligands,
Barbour et al. [187] have shown that the two genes affect AIDS
progression independently from each other. The researchers
analyzed viral load, CD4 T cell counts, and KIR3DS1 and
HLA-Bw4 genotypes of a cohort of 255 treatment-naı¨ve, HIV-
infected persons during the ﬁrst 2 years of infection. They
found that the KIR3DS1 and HLA-Bw4-I genes had distinct but
independent effects on CD4 T cell counts and viral loads,
respectively. They noted that KIR3DS1-positive, HIV-infected
persons maintained CD4 T cells counts at higher levels as
compared with the KIR3DS1-negative persons, irrespective of
coinheritence of any Bw4-I alleles. The persons possessing
HLA-Bw4-I alleles maintained lower viral loads all along the 2
years of the study period, irrespective of their KIR3DS1 status.
In the persons having the receptor and the ligand genes, the
effects on CD4 T cell counts and viral load were simply
additive and not synergistic. This study suggests a direct
relationship between KIR3DS1 expression and CD4 T cell
counts in HIV-infected persons. It may be interesting to in-
vestigate potential interactions between KIR3DS1-positive NK
cells and CD4 T cells in humans. More recently, a direct role
for an activating KIR, KIR3DS1, has been demonstrated in
controlling HIV replication. In in vitro studies, KIR3DS1-
positive NK cells inhibited HIV replication in HLA-Bw4-I-
positive cell cultures in a contact and dose-dependent manner.
The inhibition was signiﬁcantly more as compared with
KIR3DS1-negative NK cells [188]. Collectively, these studies
do suggest a role of activated NK cells in controlling HIV
infection. The caveat is that uncontrolled activation may con-
tribute to immunopathogenesis.
It is noteworthy that HIV infections in humans have arisen
relatively recently. The pathogen and its host have not had
sufﬁcient time to coevolve and eliminate deleterious genes
from each other. Nevertheless, KIR and MHC antigens have
evolved in humans under pressure from infectious agents,
malignancy, and autoimmunity over millenia. Therefore, the
impact of KIR genes, especially in combination with coinher-
ited HLA genes on the susceptibility to HIV infection and
development of AIDS in human populations, should be forth-
coming. The studies conducted so far have yielded discordant
results. The reasons for these discordant results may include
variations in the pathogenicity of HIV viruses, treatment reg-
imens, sample sizes, variable frequency of different genes in
human populations, improper statistical models, etc. A part of
the problem in formulating a uniform hypothesis regarding the
impact of HLA/KIR interactions on the AIDS pathogenesis is
the heterogeneous nature of the KIR with respect to their
dependence on MHC-bound peptides. The two-domain KIR
bind HLA-C and are affected by certain amino-acid side-
chains at p7 and p8 of the MHC-bound nonamer peptides [83].
The three-domain KIR bind HLA-A and -B and are relatively
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more discriminating between the peptides bound to their MHC
ligand Bw4. Their recognition may have implications for anti-
viral CTL responses. For example, if an individual has HLA-
Bw4 alleles, he/she will be expressing KIR3DL1 on a subset of
his/her NK cells, which will recognize HLA-Bw4 complexed
with endogenous self-peptides and will be tolerant to them. If
the individual becomes infected, his/her cells may bind a
foreign (antigenic) peptide to its HLA. If the new peptide-
bound HLA is recognized by KIR3DL1, the cell still will be
protected from NK cells but may be killed by antiviral CTL. If
the new HLA-peptide complex is not recognized by KIR3DL1,
the cell will no longer be protected from KIR3DL1-positive NK
cells. The HLA-peptide complex may, however, be recognized
by the CTL, and the infected cell will also be killed by the
CTL. Thus, NK cells and CTL will eliminate the infected cell.
Thus, the person coinheriting KIR3DL1 and HLA-Bw4 may be
better equipped to eliminate HIV-infected cells compared with
the person who is homozygous for HLA-Bw6. It is noteworthy
that KIR and TCR bind their cognate MHC ligands with much
different kinetics and thermodynamic properties [189, 190].
Therefore, if CTL and the KIR3DL1-positive NK cell recognize
and bind the same Bw4-peptide complex, CTL may preclude
the NK cell binding to the complex.
No KIR has been described that could bind HLA-Bw6
allotypes. Individuals bearing this HLA may be killed only by
antiviral CTL (in the context of HLA-Bw6). It may explain why
HLA-Bw4 and KIR3DL1 have synergistic effects in slowing
down the progression of HIV toward AIDS (Fig. 7). As HLA-
Bw4 homozygous persons are not likely to lack KIR3DL1, this
may also explain why HLA-Bw4 homozygous individuals are
relatively resistant to the development of AIDS as compared
with HLA-Bw6 homozygous ones [75, 176]. Furthermore, more
protection may be afforded by high-afﬁnity KIR3DL1 allo-
types, as they may be more sensitive to the peptide require-
ments and therefore, may be less likely to recognize the HLA
ligand if bound to a foreign peptide. However, at this point, it
remains a speculation and needs to be proved by experimental
data.
KIR3DS1 may be protective, as in normal uninfected per-
sons, this receptor does not recognize autologous cells; other-
wise, host NK cells may kill these autologous cells and would
cause autoimmunity. In HIV-infected persons, a viral peptide
may bind HLA-Bw4 and make it recognizable by the
KIR3DS1. Under these conditions, KIR3DS1-positive NK cells
will cause killing of the infected cell. Although KIR3DS1 and
KIR3DL1 allotypes have more than 95% sequence identity at
the amino-acid level in their ligand-binding, extracellular re-
gions, they may still differ from each other in their three-
dimentional structures. That is why a mAb DX9 binds
KIR3DL1 but not KIR3DS1 [191]. Thus, it may not be sur-
prising if KIR3DS1 and KIR3DL1 bind HLA-Bw4/peptide
complexes.
One should not overlook the fact that KIR are also expressed
on T cells, especially on the memory/effector phenotype. This
is an area that needs to be addressed in HIV immunology.
Furthermore, one should also keep in mind that Nef may be
attenuating the protective effects of KIR3DL1/Bw4 interactions
by down-regulating the expression of these MHC antigens.
Role of HLA-G-binding KIR
As stated above, nonclassical MHC class I antigens, HLA-G
and -E, also act as ligands for some NKRs. HLA-G binds
KIR2DL4, ILT-2, and possibly KIR2DL5. The gene for HLA-G
shows limited polymorphism. It was demonstrated that an
HLA-G allele, HLA-G*0105N, which codes for a nonfunctional
mutant HLA-G, provides protection from HIV infection in East
African female sex workers. On the other hand, inheritance of
functionally active HLA-G alleles increased the risk of the
infection in these workers [192]. It is noteworthy that HLA-G
is expressed in the mucosal tissues of the female genital tract
and may play a role in regulating local antiviral immunity. The
authors interpreted the data by concluding that the mutant
Fig. 7. NK cells with three-domain KIR behave like CTL in killing HIV-
infected cells. (A) KIR3DL1 on NK cells recognize HLA-Bw4 with a self-
peptide and are inhibited from killing normal, autologous cells. CTL do not
recognize the self-peptide bound to the HLA and also do not kill the cell. (B)
The virus-infected cell presents a virus-derived foreign peptide bound to
HLA-Bw4. KIR3DL1 on the NK cell may not recognize the HLA with foreign
peptide and is not inhibited from killing. The CTL may recognize the viral
peptide bound to HLA-Bw4 and kill the infected cells. So, HIV-infected cells
are more likely to be killed (from CTL as well as from NK cells). (C) KIR3DS1
expressed on NK cells does not bind to HLA-Bw4-I complexed with a self-
peptide. CTL also do not recognize self-endogenous peptides and therefore,
would not kill the healthy autologous cells. (D) A virus-infected cell presents
a virus-derived foreign peptide bound to HLA-Bw4. It may be recognized by
KIR3DS1 and be killed by KIR3DS1-positive NK cells. The CTL may also
recognize the foreign peptide bound to HLA-Bw4 and therefore, will also kill
the infected cell. Thus virus-infected, HLA-Bw4-positive cells are more likely
to be killed (by virus-speciﬁc CTL and NK cells).
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antigen protected women, as it could not inhibit their NK cells
in the reproductive tract of the HIV-exposed women. Of the
NKRs, which could bind HLA-G, KIR2DL4 is expressed on all
CD56 NK cells present in tissues in humans. However, as
mentioned above in the KIR section, this receptor is not an
authentic inhibitory KIR: It induces secretion of IFN- but
does not trigger cytotoxicity upon binding with its ligand [60,
63, 64]. Two other receptors, ILT-2 and possibly KIR2DL5,
may also bind and inhibit NK cell functions. However, they are
only expressed on a minor subset of NK cells. Notably, mono-
cytes, macrophages, and DC abundantly express different ILT,
including ILT-2, which preferentially bind and are inhibited by
HLA-G [97]. Thus, in the persons having mutant HLA-G,
activated monocytes, macrophages, and DC may play a greater
role than NK cells. It has also been reported that the African
women having a mutant HLA-E allele (HLA-E*0103-G or HLA-
EG) have four times less risk of contracting HIV infection as
compared with the women with wild-type HLA-E [193]. It is
noteworthy that the mutant HLA-E allele is expressed at lower
levels and has decreased afﬁnity for CD94/NKG2A receptors.
It has also been shown that the sex worker women with HLA-E
and HLA-G mutant genotypes (homozygous for HLA-EG as well
as heterozygous for HLA-G*0105N) had more than 12-fold
decreased risk of contracting HIV infection [193]. These re-
sults implied a synergistic interaction between mutant HLA-E
and HLA-G alleles in affording protection from HIV infection.
These studies also suggest that blocking HLA-G and HLA-E
interactions with NKR may enhance innate resistance to HIV.
Taken together, it can be postulated that coinheritance of
genes for any NKR/ligand pair that weakens NK cell inhibition
in the body and decreases activation threshold of NK and T
cells is likely to provide protection from HIV and other viral
infections. In this respect, the three-domain KIR behave as
TCRs in recognizing MHC-bound peptides. If they fail to
recognize the MHC-bound foreign peptide, they release the NK
cell from inhibition. The NK cell will kill the virus-infected
cell and so will do the virus-speciﬁc CTL. These two effector
cells will be more effective in controlling HIV infection and
delaying onset of AIDS in the persons who coinherit KIR3DL1/
HLA-Bw4 genes. If the three-domain KIR also recognize the
foreign peptide, then the NK cell will be inhibited from killing
the target cell. These results have implication for HIV vaccine
strategies. Viral peptides, which are recognized by CTL, but
not by KIR3DL1, may serve as better immunogens. They may
arouse NK and CTL responses for killing the infected cells.
PERSPECTIVE AND FUTURE DIRECTIONS
Advances made in understanding NK cell immunobiology have
enabled us to appreciate the role of NK cells in host resistance
to these infections. The functional activities of these cells are
controlled by a multitude of inhibiting and activating receptors
and coreceptors. Of these receptors, the genes encoding KIR
and their HLA ligands are highly polymorphic. Therefore, it is
not surprising that coinheritance of these genes and their
epistatic interactions is important in determining the status of
NK cell activation, overall immune reactivity, and innate ge-
netic resistance of humans to viral infections, malignancy, and
autoimmune diseases. Researchers have just begun unraveling
the role of these interactions in these diseases.
In the case of HIV infection and AIDS, few studies con-
ducted so far highlight the signiﬁcance of HLA and KIR genes
as well as of their interactions in determining our innate
susceptibility to the infection and its progression to AIDS.
Many of these studies lacked adequate sample sizes and did
not take into account allelic variations. For example, all major
KIR genes have allelic variants that encode nonfunctional
receptors. Furthermore, different allotypes of a given KIR
differ widely in their afﬁnities for MHC ligands. Future studies
should take into account the impact of these variants on the
susceptibility/resistance of humans to the infection as well as
on the rate of progression toward AIDS. The results could have
a profound impact on our understanding of the role of NK cells
in controlling HIV infection. In view of the large number of
KIR genes, their alleles, differences in gene doses, and lack of
knowledge about the ligands for activating KIR, the task of
investigating the impact of KIR/HLA interactions on HIV
infection is challenging but worth undertaking. The results
would have enormous implications for the immunotherapy,
prognosis, and vaccination of HIV infections. Such studies
would require larger sample sizes, accurate clinical data, and
proper stratiﬁcation of study participants with respect to their
ethnic backgrounds. Furthermore, the researchers must use
models that include all KIR alleles and their ligand genes as
well as all other known genetic determinants that affect host
resistance to HIV infection.
In determining the role of genes for NKRs and those of their
ligands, researchers have ignored the potential involvement of
the ligands for KLR-D (NKG2D) receptors, i.e., MICA and
MICB proteins, which exist in more than 50 and 20 allotypes,
respectively. These allotypes vary in their afﬁnity for NKG2D.
The nature of the allotype(s) carried by an individual could
greatly affect his/her NK cell ability to kill target cells. They
have been shown to play a role in autoimmune diseases such as
celiac disease, diabetes, etc.
Finally, research in this ﬁeld is seriously hampered by lack
of appropriate mAb to identify individual NKR genes and their
allelic variants. Development of such reagents should be a
priority. This would allow determining the level of expression
of the genes at the protein level and supplement genetic data
with more relevant protein data. Furthermore, these antibodies
could serve as important tools for manipulating receptor/ligand
interactions for therapeutic purposes.
NOTE ADDED IN PROOF
A recent publication showed signiﬁcantly enhanced frequency
of KIR3DS1 homozygotes but not of the combination of the
KIR3D gene with HLA-Bw4 or HLA-Bw4-I genes in HIV-
exposed uninfected individuals compared to HIV-infected ones
[194].
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5- Les cellules Natural Killer et l’infection par le VIH-1: conséquences 
sur l’élaboration de stratégies thérapeutiques et la vaccination. 
 
Au cours de la dernière décennie, de considérables progrès ont été réalisés dans 
la compréhension de l’interaction du VIH-1 avec les cellules NK. Cet article de revue 
traite de la réponse antivirale médiée par ces cellules, des stratégies élaborées par le 
VIH-1 pour leur échapper, et de l’importance de ces cellules dans le contrôle de 
l’infection et du développement du SIDA. Cette revue met aussi en relation 
l’immunobiologie des cellules NK sur laquelle se base leur possible utilisation en tant 
qu’agents thérapeutiques en consignant les limites et les problèmes auxquels les 
scientifiques seront exposés. Cet article a été soumis à un processus de révision par les 
pairs avant sa publication. 
 
Article 5 : Iannello A, Debbeche O, Samarani S, and Ahmad A. Antiviral NK Cell 
Responses in HIV Infection: II. Viral strategies for evasion and lessons for 
Immunotherapy and Vaccination. 2008. Journal of Leukocyte Biology 84(1): 27-49.  
 
Résumé : Comme c’est le cas dans d’autres infections virales, le système immunitaire 
humain répond à l’infection par le VIH-1 en activant ces cellules NK. Le VIH-1 a 
élaboré plusieurs stratégies pour échapper à la réponse antivirale médiée par ces 
cellules. Par conséquent, les fonctions des cellules NK sont compromises chez les 
patients infectés et ce très tôt lors de l’infection, ce qui engendrera indirectement un 
défaut dans la réponse acquise de ces patients. Des progrès importants ont été réalisés 
dans la compréhension des mécanismes d’évasions élaborés par le VIH-1 pour contrer 
la réponse antivirale médiée par les cellules NK. La connaissance de ces mécanismes a 
permis de proposer et d’élaborer de nouvelles stratégies thérapeutiques et vaccinales 
contre ce virus. Cette revue décrit comment la réponse médiée par les cellules NK a lieu 
lors de l’infection et documente les stratégies d’évasions développées par le VIH-1 pour 
contrer cette réponse. Cet article met ausi en relation ces phénomènes et leurs 
implications sur ce qui pourrait amener la communauté scientifique à l’élaboration de 
nouvelles approches thérapeutiques.   
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Abstract: As is the case in other viral infections,
humans respond to HIV infection by activating
their NK cells. However, the virus uses several
strategies to neutralize and evade the host’s NK
cell responses. Consequently, it is not surprising
that NK cell functions become compromised in
HIV-infected individuals in early stages of the in-
fection. The compromised NK cell functions also
adversely affect several aspects of the host’s anti-
viral adaptive immune responses. Researchers
have made signiﬁcant progress in understanding
how HIV counters NK cell responses of the host.
This knowledge has opened new avenues for im-
munotherapy and vaccination against this infec-
tion. In the ﬁrst part of this review article, we
gave an overview of our current knowledge of
NK cell biology and discussed how the genes
encoding NK cell receptors and their ligands
determine innate genetic resistance/susceptibilty
of humans against HIV infections and AIDS. In
this second part, we discuss NK cell responses,
viral strategies to counter these responses, and
ﬁnally, their implications for anti-HIV immuno-
therapy and vaccination. J. Leukoc. Biol. 84:
27–49; 2008.
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INTRODUCTION
This is second part of a review article on NK cell responses in
HIV infections. The ﬁrst part gives an overview of our current
knowledge about NK cell immunobiology, receptors, and their
ligands. The part also describes how polymorphism in the
genes encoding killer-cell Ig-like receptor (KIR) and their
HLA ligands determines innate genetic resistance/susceptibil-
ity to HIV infection and development of AIDS. This second
part of the article deals with functional defects that occur in
NK cells in the course of HIV infection, viral strategies to
counter host’s NK cell responses, and their implications for
anti-HIV immunotherapy and vaccination. We recommend that
this article be read in conjunction with its ﬁrst part.
NK CELL ACTIVATION IN HIV INFECTION
As mentioned earlier, NK cells are present in the circulation,
bone marrow, lymph nodes, spleen, lung, liver, omentum, etc.,
and can reach almost any place in the body where a viral
infection occurs and induces an inﬂammatory response. Viral
infections generally activate NK cells, especially in early
stages of the infection. Studies from animal models as well as
in individuals in acute stages of the infection suggest that HIV
is no exception to this rule. The infection also causes activa-
tion and expansion of NK cells. NK cell activation and expan-
sion have been observed in humans in primary HIV infections
and precede the appearance of virus-speciﬁc CTL responses.
The expansion usually occurs in the highly cytotoxic
CD56dimCD16 subset of NK cells [1]. Increased NK cell
activities were also observed in monkeys after experimental
infection with SIV [2]. This initial NK cell expansion and
activation probably result from direct and indirect effects of the
infection. Virus-induced cytokines, e.g., type I IFN, IL-12,
IL-15, IL-18, etc., are usually responsible for early NK cell
activation and expansion. Viral proteins and nucleic acids may
bind to TLRs and/or other receptors on a variety of host cells
including NK cells themselves, resulting in their activation. As
mentioned in the ﬁrst part of this review, to become function-
ally competent, TLRs expressed on NK cells seem to require
help from accessory cells [3, 4]. Thus, it is not surprising that
a uridine-rich ssRNA derived from HIV-1 long-terminal repeat
has been shown to activate NK cells but requires the presence
and activation of plasmacytoid DC or CD14 monocytes [5].
Activated NK cells activate DC, secrete IFN-, and act as
adjuvants by killing virus-infected cells and by causing release
of intracellular proteins from the killed cells. NK cell activa-
tion has been shown to be important in inducing an effective
adaptive immune response against intracellular pathogens in
several animal models. In the context of HIV infection, NK
cells may control the infection, not only by killing virus-
infected cells directly as well as indirectly by antibody-depen-
dent, cell-mediated cytotoxicity (ADCC), but also, they serve
as an important source of -chemokines (MIP-1, MIP-1,
and RANTES) and undeﬁned soluble factors, which can sup-
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press replication of M- and T-tropic HIV viruses [6–8]. NK
cell-secreted cytokines, especially IFNs, may induce the anti-
viral state in host cells and cure HIV-infected cells via non-
cytolytic mechanisms.
Many studies have shown that NK cells play an important
role in controlling HIV replication. The presence of NK cells
suppresses HIV replication in cell cultures [9–11]. It has been
demonstrated that i.v. drug users, who are at high risk of
contracting HIV infection, resist infection, as long as they have
elevated NK cell activities. In this regard, researchers have
shown that these uninfected but highly exposed drug users
have NK cells, which produce more chemokines and cytokines
in vitro with or without simulation and whose KIR repertoire is
predominantly of an activating type. They have high ratios of
KIR3DS1/KIR3DL1 and NK cell group 2C (NKG2C)/
NKG2A NK cells and coinherit the weakly inhibiting KIR-
MHC gene pair (KIR2DL3/HLA-C of group I). They also have
low expression of KIR3DL1 and an increased expression of
CD107a and CD69 on their NK cells [12, 13]. Apart from
protecting from HIV infection, high NK cell activities also
delay progression of the infection toward AIDS [14, 15]. It has
been demonstrated that decreases in NK cell cytotoxicity as
well as in NK cell counts in the circulation of the infected
persons were associated with their rapid CD4 T cell deple-
tions and rapid progression toward AIDS [14, 16]. However,
the infected persons who are able to maintain their NK cell
functions remain healthy, despite having decreased CD4 T
cell counts [15]. Animal models of HIV infection also support
a role of NK cells in controlling this infection. It has been
shown that our closest relatives, chimpanzees (Pan trogly-
dytes), can be infected with HIV-1 and SIVcpz. The viruses
replicate in this species but cause no AIDS-like disease. It is
noteworthy that NK cells are more abundant in this species
than in humans; they remain fully functional throughout the
course of infection and unlike humans, can up-regulate certain
natural cytotoxicity receptors (NCR; NKp30) in response to the
infection. As mentioned above, this receptor plays a role in NK
cell–dendritic cell (DC) interactions. Higher NK cell re-
sponses in chimpanzees are thought to be a factor in their
resistance to progression to an AIDS-like disease [17, 18].
Several workers have investigated NK cell responses in
HIV-infected humans. An exhaustive list of these studies,
along with their major ﬁndings, is given in Table 1. It is quite
evident from this table that NK cell functions (cytolytic and
secretory) become compromised in HIV-infected persons; de-
pletion of functional NK cell subsets and expansion of non-
functional NK cells occurs; the infection causes changes in the
expression of NKRs and their ligands; HAART tends to nor-
malize changes in the number and functional capabilities of
NK cells, but they never become normal. Few studies have
been undertaken to translate our current knowledge into ways
and means to invigorate NK cells and develop novel, anti-HIV
vaccines.
ADCC
NK cells not only can kill virus-infected cells alone, they can
also do so in combination with antibodies for which the antigen
is expressed on the surface of the infected cells. The process is
called ADCC. The antibodies bind through their variable an-
tigen-binding sites to the viral antigen on the surface of the
virus-infected cells and through their so-called crystallizable
fragments (Fc) to CD16 on NK cells [63, 64]. The antibodies
cross-link CD16 on NK cells and consequently, trigger their
cytolytic functions. This results in killing of the virus-infected
cells and secretion of cytokines and chemokines from NK cells
(Fig. 1). The ADCC is a classical example of cooperation
between innate and adaptive immune responses in protecting
host from viral infections and malignancies. CD16 is a type I
Ig-like integral membrane glycoprotein, which is expressed on
the surface of NK cells, monocyte-macrophages, Langerhan’s
cells, DC, etc. It is a low-afﬁnity type III receptor for the Fc
part of IgG (FcRIII; CD16). It binds aggregated but not
monomeric human IgG1 and IgG3. The aggregated Ig are
present in immune complexes. NK cells express the CD16A or
FcRIIIA form of the receptor. This form associates nonco-
valently via its transmembrane region with signaling adaptors
( and/or  chains) and can transmit signals intracellularly.
The receptor plays a predominant role in NK cell-mediated
ADCC. Therefore, it is also commonly referred to as the
“ADCC receptor.” Another form of the receptor (CD16B or
FcRIIIB) is anchored in the plasma membrane via GPI and
cannot transmit intracellular signals. This form acts as a sink
for antigen/antibody complexes and is expressed on neutro-
phils and eosinophils [64]. The level of expression of CD16 on
the surface of NK cells correlates with their functional ADCC
activity. CD16 interacts physically with CD38 on the surface of
NK cells. CD38 is a surface glycoprotein with ADP ribosyl
cyclase/cyclic ADP-ribose hydrolase activities. It regulates
cytoplasmic calcium and also acts as a receptor modulating
cell–cell interactions. It binds CD31 (PECAM-1), which is a
transmembrane Ig-like glycoprotein expressed on human vas-
cular endothelial cells, and plays a role in angiogenesis, cell
adhesion, and diapedesis. When cross-linked, CD38 transmits
activating signals to NK cells via CD16 [65]. Interestingly,
cells may shed CD16 upon activation, and cleaved sCD16
interferes with the ADCC process. Increased concentrations of
sCD16 have been reported in the sera of HIV-infected persons,
which correlate with disease progression. Interestingly, sCD16
seems to be shed from non-NK cells in these patients [66].
In addition to CD16, NK cells express an activating version
of the FcRIIC (CD32C), which also takes part in ADCC [67].
However, only 40–45% humans express this receptor on their
NK cells. It is noteworthy that CD32 is encoded by three
diferent genes: CD32A, -B, and -C. CD32A is an activating
receptor expressed on neutrophils, monocytes, and DC. CD32B
is an inhibitory receptor expressed on DC, monocytes, neutro-
phils, and B cells. An allelic variant of CD32A expresses
arginine at position 131 (R131) instead of histidine (H131).
The R131 variant responds vigorously to IgG and has been
implicated in the development of systemic lupus erythremato-
sus (for details, see ref. [67]).
The major FcR involved in ADCC may be mutated and
nonfunctional in some individuals. This happens as a result of
a deletion of a single base (adenine) in exon 4 at nucleotide
550, resulting in a premature stop codon and truncated protein
[68, 69]. Another mutation has been described that results in
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polymorphism at position 158 in the amino-acid sequence. The
amino acid at this position could be valine (V) or phenylalanine
(F). The V allotype has higher afﬁnity with IgG than the F one.
The individuals with the V/V genotype are more efﬁcient in
mediating ADCC [70]. Few studies have investigated the im-
pact of these mutations on the clinical course of HIV infection.
In this regard, one group of researchers has demonstrated that
HIV-infected persons bearing the FcRII RR genotype
progress more rapidly toward AIDS than those bearing HH or
HR genotypes [71].
The ADCC-mediated destruction of tumor cells as well as of
virus-infected cells can be readily demonstrated in vitro in the
presence of NK cells and tumor or virus-speciﬁc antibodies of
the appropriate IgG isotypes. The process also occurs in vivo.
Although macrophages and neutrophils can also mediate
ADCC, NK cells are the main cell type that mediates this
process. Their depletion, therefore, abrogates the ADCC-me-
diating ability of PBMC [64].
ADCC IN HIV INFECTION
NK cells may eliminate HIV-infected cells in combination with
HIV-speciﬁc antibodies via ADCC. The destruction of HIV-
infected cells can be readily demonstrated in in vitro ADCC
reactions in which HIV-infected cells are incubated with NK
cells in the presence of HIV-speciﬁc antibodies. The phenom-
enon has been demonstrated to occur in vivo in these infections
[26]. The antibodies speciﬁc to the viral envelope protein
gp120/41 have been shown to mediate ADCC against the
virus-infected cells. A prerequisite of the ADCC against HIV-
infected cells is that the virus must be replicating in the cells,
and the viral envelope proteins must be expressed on the
surface of these cells. Anti-HIV, ADCC-mediating antibodies
have been demonstrated in the sera of HIV-infected persons in
several studies [9, 33, 63].
Although HIV-speciﬁc ADCC eliminates HIV-infected
cells, it also has the potential to contribute to AIDS pathogen-
esis (Fig. 1). In in vitro experiments, uninfected CD4 T cells
may bind exogenous recombinant gp120 and be killed by NK
cells in the presence of gp120-speciﬁc antibodies of the IgG
isotype [72, 73]. Furthermore, anti-gp120 antibodies may com-
plex with the virus and facilitate uptake of the virus by mono-
cytes. They may also cause NK cell activation and hence,
excessive production of chemokines and cytokines. In fact, a
group has demonstrated a correlation between the presence of
HIV-speciﬁc ADCC antibodies and the development of AIDS
[74]. However, these studies have not been corroborated. On
the other hand, several researchers have demonstrated that
these antibodies correlate with better clinical condition and
better prognosis in HIV-infected children and adults [63, 75–
77]. The protective nature of anti-HIV ADCC antibodies could
also be demonstrated in in vitro experiments in which HIV-
speciﬁc antibodies or NK cells alone are not able to inhibit
replication of primary isolates of HIV-1 in human PBMC.
However, they do so efﬁciently via ADCC when added together
to these cultures [9]. Studies in animal models of HIV infection
have also shown a protective effect of ADCC against disease
progression [78]. Many researchers regard anti-HIV ADCC as
a reliable correlate of immune protection from HIV infection
[17, 63]. However, it remains to be tested in HIV vaccination
studies. It has been demonstrated that vaccines may elicit
ADCC antibodies, which could inhibit replication of clinical
strains of HIV in the presence of NK cells [9].
Although anti-HIV ADCC antibodies can be demonstrated
in HIV-infected individuals, even in late stages of the infec-
tion, the full host beneﬁcial potential of this ADCC cannot be
realized in vivo, as NK cell functions become compromised in
a majority of these individuals [14, 27, 79, 80]. The decreased
ADCC effector function of NK cells in HIV-infected persons
could be a result of several reasons: decreased number of
CD16 NK cells, decreased expression of the signaling partner
 chain in NK cells, and overall decreased cytolytic capacity of
NK cells (see Table 1). It is noteworthy that the engagement of
CD16 alone cannot mediate killing of the target cells. For this
purpose, it needs simultaneous engagement of LFA-1 or 2B4
(reviewed in ref. [81]). The receptor activities may be neutral-
ized by increased concentrations of ICAMs and sCD16 in the
circulation of HIV-infected patients [66, 82]. Interestingly,
these concentrations increase with disease progression and
serve as prognostic markers. Increased expression of HLA-C
and -E on the surface of HIV-infected T cell blasts also
interferes with their killing by autologous NK cells via ADCC.
The blockage of interactions between KIR and HLA-C and
between NKG2A and HLA-E with speciﬁc antibodies en-
hances this immune effector mechanism against this virus [83].
Attempts to control HIV replication in HIV-infected patients
via passive immunotherapy (infusion of anti-HIV antibodies or
i.v. Igs) have not yielded desired results. Passively infused i.v.
Igs are known to have immunosuppressive effects (reviewed in
ref. [84]). The infused antibodies form multimeric IgG com-
plexes on DC. Such DC are killed by NK cells via ADCC or
become defective for their ability to activate NK cells and to
prime T cells. They decrease the expression of NKp30 and KIR
on interacting NK cells [85]. Therefore, they may aggravate the
defects, which already exist in an NK cell compartment in
HIV-infected patients. HIV-1 has developed myriad strategies
to evade a neutralizing antibody response of the host, e.g.,
mutation of epitopes, masking of epitopes by glycosylation and
trimerization of gp120/41 spikes, shedding of envelope pro-
teins, etc. (reviewed in ref. [86]). Nevertheless, the infusion of
a combination of HIV-speciﬁc neutralizing antibodies does
provide protection from infection in the animal models. How-
ever, it has been demonstrated that the antibodies require
binding to FcR for full efﬁcacy [87, 88]. These results high-
light a beneﬁcial role of ADCC for the host. FcR can also
mediate uptake of antibody-coated viruses by monocytes and
macrophages. The potentials and limitations of the i.v. use of
neutralizing antibodies in HIV-infected patients have been
demonstrated by the results of a small trial, in which a com-
bination of HIV-neutralizing antibodies was infused into HIV-
infected persons. Their HAART treatment was stopped 1 day
after the infusion, and HIV rebound was measured [89, 90].
The virus rebound was delayed in acutely infected persons.
However, this delay in the virus rebound was seen only in two
of the chronically infected persons. Escape mutants also ap-
peared for one of the three antibodies in the rebound viruses.
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TABLE 1. List of Published Research Papers and Their Major Findings on NK Cells in HIV-Infected Persons
Year Major Findings Reference
1986 Defective trigger and release of NKCF; partial restoration by IL-2. [19]
1986 Decreased NK cell activity as a result of decreased IL-2 production; in vitro IL-2 restores this activity. [20]
1986 IL-2 increases NK cell-mediated killing of HIV-1-infected cells; HIV-1 infects NK cells in vitro. [21]
1987 Defective natural cytotoxicity, normal ADCC. [22]
1987 Defective NK cell lysis in patients with AIDS and AIDS-related complex; increased number of CD8CD57 and
CD16CD57 cells.
[23]
1988 Normal actin polarization but defective tubulin rearrangement in NK cells from AIDS patients. [24]
1990 Defective inducibility of LAK activity in blood lymphocytes. [25]
1990 Defective ADCC effector functions of NK cells. [26]
1990 CD16 NK cells decrease in all stages of infection; speciﬁc depletion of CD3–CD8CD16 cells. [27]
1992 NK cell activation and killing decreased, not restored by long-term in vitro culture with IL-2; defect at clonal level. [28]
1994 CD56 and KIR NK cells decrease in AIDS patients; NK cell activity decreases, and EB6 GL183 (double-positive)
NK and T cells appear in all HIV-infected persons.
[29]
1994 Impaired NK and LAK activity; no effect of AZT therapy. [30]
1994 NK cell activity decreased with disease progression starting in CDC stage IVC2; Defect not corrected by in vitro culture
with IL-2.
[31]
1994 Decreased CD16CD56 NK cells in primary and chronic HIV infections in children. [32]
1994 Defective ADCC effector function of NK cells from HIV-infected persons; IL-2 and IFN- restore partially. [33]
1995 Decreased NK cell activity early in infection; CD16 decreased; CD16CD56 percentage normal or elevated, reduced
response to IFN-.
[34]
1995 CD16CD56 subset decreases; expansion of less-cytotoxic CD16dimCD56– cells. [35]
1995 CD8CD16CD56 NK cells depleted. [36]
1996 Defective NK cell-mediated killing of gp120/41-expressing target cells. [37]
1997 CD16, CD56 and CD16CD56 NK cell percentage and concentration of CD16CD56 NK cells decrease in
correlation with disease progression.
[38]
1997 AIDS patients have lower NK cell activity than HIV-infected asymptomatic and seronegative controls; at least in part as
a result of reduced IL-2 production.
[39]
1997 KIR CD3 CD8 cells increase, masking KIR-increased cytotoxicity against HIV-infected cells. [40]
1999 Increased percentage of CD94CD8CD56 cells; no change in KIR, IL-10 implicated. [41]
1999 KIR increased transiently on T but not on NK cells; CD94 increases on both cell types. [42]
1999 Poor response to IFN- and low LAK activity associated with poor prognosis and death. [43]
1999 Decreased expression of  chain in NK cells; defective, CD16-mediated lysis. [44]
2001 NK activity decreased with decrease in VL; decreased iKIR on CD56 but increased on CD8 cells; CD57 and CD94
expression increased.
[16]
2001 Decreased NK cell numbers with decrease in CD4 T cell counts; decreased CD16CD56 NK cells; expansion of
CD8CD38DR lymphocytes associated with low cytotoxicity.
[14]
2001 HAART normalizes expression of iKIR and NKG2A but not of ILT-2 on CTL; blocking of ILT-2 increases CTL activity. [45]
2002 CD56 cells coexpressing CD16, CD161, or CD94 become depleted; CD56– cells coexpressing CD16, CD161, or CD94
expand; defective differentiation.
[46]
2002 Defective modulation of CD69 and CD16 expression on NK cells. [47]
2002 Increased NK cell activity that decreases with HAART; more NK cells expressing CD158a and CD94 appear; IL-10
implicated.
[48]
2003 Decreased production of chemokines and viral suppression by NK cells from viremic patients. [11]
2003 Decreased expression of NCR on fresh and in vitro-activated NK cells. [49]
2003 Decrease in CD16–CD56bright subset in patients undergoing HAART; IL-12 plus IL-15 or HGH partially restore NK cell
number and IFN- production.
[50]
2003 Expansion of CD56–CD16 dysfunctional NK subset; decreased expression of actNKR but not of NKG2D; stable or
increased KIR expression; impaired NK cell cytotoxicity; HAART normalizes NKR expression.
[51]
2004 Aberrant NK cell activation; NCR expression decreased; no NKp44 expression; decreased cytotoxicity in viremic
patients.
[52]
2004 Increased CCR5 and iKIR expression on NK in viremia; became normal after HAART; direct correlation of iKIR
expression with viral load.
[7]
2004 iKIR expression increases on NK in viremic patients; CD56CD94 and CD56CD161 NK decreased; NK cell
number decreased; overall NK activity and CD107a expression increased; NK produce more TNF- and IFN- in
viremic patients.
[1]
2005 Expansion of NKG2C and loss of NKG2A NK; no effect of HAART. [53]
2005 Expansion of dysfunctional CD56–CD16 subset in viremia; iKIR expression increased on NK; major activating NKR
decreased but not NKG2D; NK less cytotoxic, produce less chemokines and cytokines.
[54]
2005 Decreased CD94 NK cell numbers in viremic patients and advanced disease. [55]
2005 2B4 cells transiently decrease early in infection; decrease is related to VL and sTNFRII; later expression increases on
NK and T cells and normalizes with HAART.
[56]
2005 Increased NK cell numbers with early depletion of the CD56highCD16– subset and expansion of the CD56lowCD16
subset in acute infection; the depletion of the CD56lowCD16 subset continues with a parallel increase in the anergic
CD56–CD16 subset.
[57]
2006 Decreased perforin and increased SHIP expression in NK cells in chronic infection. [58]
2007 Expression of inhibitory FcRL6 on all lymphocytes (NK, CD4, CD8 effector memory cells). [59]
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As mentioned above, the CD16 NK cell subset is mainly
involved in mediating ADCC. NK cell therapy with or without
anti-gp120/41 antibodies may be more effective in restoring
ADCC and controlling HIV replication in HIV-infected pa-
tients. Finally, several cytokines are known to increase ADCC
against HIV-infected cells (reviewed in ref. [80]).
HIV STRATEGIES TO EVADE NK CELL
RESPONSES OF THE HOST
Viruses generally use multiple strategies to counter NK cell
responses of the host. HIV is no exception. The strategies
aimed at evading antiviral effects of the host’s NK cell re-
sponses are listed in Table 2 and are discussed below.
Changing the expression of MHC and non-MHC
ligands for NKRs
The down-regulation of MHC class I antigens on the surface of
infected cells is a common strategy used by a variety of viruses
to evade antiviral CTL responses of the host, as CTL recognize
viral peptides in association with these antigens (reviewed in
refs. [91–93]). A global decrease in the expression of MHC
antigens, however, makes virus-infected cells susceptible to
NK cell-mediated killing. Therefore, viruses have developed
various strategies to evade this NK cell-mediated killing. Two
HIV proteins have been shown to affect expression of MHC
class I antigens: Tat represses promoters of the MHC class I
and the -2 microglobulin genes, and viral protein U (Vpu)
interferes with an early step in the biosynthesis of MHC
antigens [94, 95]. However, a global down-regulation of MHC
class I antigens has rarely been observed in HIV-infected
cells. Instead, several studies have documented that HIV dif-
ferentially down-regulates the expression of MHC class I an-
tigens on the surface of the infected cells. The viral protein Nef
recognizes certain motifs present in the cytoplasmic tails of
MHC class I antigens and causes their degradation. These
motifs are present mostly in the cytoplasmic tails of HLA-A
and -B but not of HLA-C and HLA-E antigens. Consequently,
the expression of HLA-A and -B but not of HLA-C and -E is
decreased on the surface of HIV-infected cells [96–98]. It is
noteworthy that HLA-A and -B predominantly present viral
peptides to CTL. Of these, only Bw4-serospeciﬁc HLA-A and
HLA-B allotypes act as ligands for KIR3DL1. On the other
hand, HLA-C and HLA-E present relatively fewer HIV-de-
rived. immunodominant peptides to CTL. Nevertheless, all
known HLA-C and HLA-E allotypes act as ligands for KIR and
CD94/NKG2, respectively. From the perspective of NK cell
functions, HLA-C and HLA-E are more important. The main-
tenance of these HLA molecules on the surface of HIV-in-
Fig. 1. Schematic representation of ADCC phenomenon. (A) NK cells kill
HIV-infected CD4 T cells expressing gp120 via gp120-speciﬁc antibodies.
The antibodies on one hand bind to gp120 and on the other hand, to CD16 on
NK cells via their Fc regions. By killing HIV-infected cells, ADCC may help
control the infection. (B) NK cells may also kill uninfected, gp120-bound
CD4 T cells. The process may not discriminate between HIV-infected and
gp120-bound, uninfected CD4 T cells.
TABLE 1. (Continued)
Year Major Findings Reference
2007 NK cell activation and expansion precede CTL response in acute infection; NK cell activity decreases with HAART; NK
and CTL respond with similar kinetics upon antigen exposure or upon discontinuation of therapy.
[60]
2007 CD56dim NK cell subset expanded in primary infection; partial normalization after 6 months HAART; CD27CD70
expression increased in chronic infection.
[61]
2007 KIR3DS1 NK and T cells increase in number in viremic HIV-infected persons. [62]
actNKR, Activating NK cell receptors (NKR); FcRL6, FcR-like protein 6; HGH, human growth hormone; iKIR, inhibitory KIR; LAK, lymphokine-activated
killer cell activity; NKCF, NK cell cytotoxic factor, HAART, highly active antiviral therapy; sTNFRII, soluble type II TNFR; VL, viral load; ILT-2, Ig-like transcript
2. EB6 and GL183 are mouse MAb (from Immunotech/Coulter, France) that bind to KIR2DL1 (p58.1) and KIR2DL2/3 (p58.2), respectively.
TABLE 2. How HIV Evades Host’s NK Cell Response
It does so by:
1. Differential down-regulation of MHC class I antigens via the
negative factor (Nef) protein.
2. Inducing and stabilizing the expression of HLA-E and -G in
the infected cells.
3. Directly infecting and eliminating NK cells.
4. Blocking NK cell-mediated killing.
5. Promoting apoptosis of NK cells.
6. Dysregulating the expression of NKRs.
7. Dysregulating the production of NK cell-activating cytokine.
8. Down-regulating the expression of adaptor molecules
involved in the signaling cascade of NK cell activation.
9. Modulating NK cell differentiation and maturation program.
10. Interfering with NK cell interactions with DC and other
immunocytes.
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fected cells protects them from NK cell-mediated lysis. A
decreased expression of HLA-A and -B makes them invisible
to most of the virus-speciﬁc CTL. However, it comes with some
price. The infected cells become susceptible to killing by the
NK cells expressing HLA-Bw4-speciﬁc KIR. By a differential
modulation of HLA antigens on the surface of infected cells,
virus evades most if not all CTL and NK cell-mediated killing.
Indeed. autologous NK cells do not kill HIV-infected T cell
blasts despite decreased HLA-A and -B antigens on their
surface [99].
In addition to classical MHC class I antigens, HIV modu-
lates expression of nonclassical MHC antigens. The infection
increases the expression of HLA-E on the surface of CD4 T
cells in in vitro experiments [55]. At least one potential mech-
anism of this increase is a peptide from the viral protein p24
(residues 14–22), which can bind and stabilize HLA-E on the
surface of HIV-infected cells [100]. In line with these results,
increased expression of HLA-E has been reported on the
surface of CD4 T cells in HIV-infected persons. The increase
was more pronounced in advanced stages of the infection and
correlated with peaks in viremia [55].
Conﬂicting results have been reported concerning the effect
of HIV infection on the expression of HLA-G. The infection
was reported to cause down-regulation of HLA-G on the sur-
face of HIV-infected cells in a Vpu-dependent manner [96,
101]. However, the molecule is expressed on monocytes and T
lymphocytes in HIV-infected persons, probably as a result of
HAART and increased concentrations of IL-10 in the circula-
tion [102, 103]. HLA-G is normally expressed on certain
immune-privileged sites, e.g., cornea, and on invading cytotro-
phoblasts in pregnancy and is believed to protect a developing
fetus from the mother’s immune responses (reviewed in ref.
[104]). Increased expressions of HLA-E and -G on the surface
of HIV-infected cells would increase their resistance to NK
cell-mediated killing as well as to macrophage activation.
Although exact ligands for NCR are not known, Vieillard et
al. [105] have reported increased expression of NKp44 binding
to HIV-infected CD4 T cells. They have shown that a peptide
(SWSNKS) derived from the transmembrane unit (gp41) of a
viral envelope protein induces the unknown NKp44 ligand on
CD4 T cells. It also suggests that the unknown ligand for this
receptor could be a peptide-binding MHC or MHC-like mole-
cule. The induction of NKp44 ligand on the HIV-infected cells
may promote their killing by cytokine-activated NK cells. The
increased expression of NKp44 ligands on the surface of HIV-
infected cells has been corroborated by Ward et al. [83], who
also reported increased expression of MHC class I chain-
related protein A (MICA), MICB, and the human CMV
(HCMV) glycoprotein UL16-binding protein 1 (ULBP-1), 2,
and 3 on T cell blasts infected with HIV. They also reported a
decrease in the expression of CD48 and NK-T-B antigen, and
no change was observed in the expression of NKp30 and
NKp46 ligands. As mentioned earlier, MICA, MICB, and
ULBPs serve as ligands for NKG2D, which is an activating
receptor expressed on all NK and CD8 T cells in humans. It
is not in the interest of a virus to induce expression of these
ligands on the surface of infected cells, as the virus-infected
cells would be killed by NK cells as well as by CD8 T cells
via NKG2D. Therefore, viruses have developed different strat-
egies to evade this NKG2D-mediated killing. For example,
HCMV encodes a glycoprotein UL-16, which can bind ULBPs
intracellularly and prevent them from reaching cell surface and
interacting with NKG2D [106]. Another protein from this virus,
UL142, binds MICA and prevents its interaction with NKG2D
[107]. Tumors may cleave and shed soluble MICA and MICB
to interfere with NKG2D-mediated killing of tumor cells [108,
109]. HIV uses its Nef protein to evade NKG2D-mediated
killing. The protein, in addition to down-regulating the expres-
sion of HLA-A, -B and CD1d, also binds to and degrades
MICA, and ULBP-1 and -2 [110].
It is noteworthy that NKG2DL are usually induced in human
cells upon genotoxic stress, which activates DNA damage
response (reviewed in ref. [111]). The response arrests cell
cycle until the damage is repaired. If the damage is not
repairable, the response induces apoptosis in the cells. The
response is initiated by two PI-3K-like kinases: ataxia telan-
giectasia mutated (ATM) and ATM and RAD-3-related (ATR).
The two kinases are activated by dsDNA and ssDNA breaks,
respectively. Stalled replication forks also activate ATR. The
induction of NKG2DL by HIV implies that the infection causes
genotoxic stress in the infected cells. It could be an unintended
consequence of the functional activities of the viral protein R
(Vpr). The protein is known to induce cell-cycle arrest by
recruiting DCAF-1/VprBP and an E3 ligase Cul4-DDB1 in
eukaryotic cells and activates ATM and ATR, which may result
in the induction of NKG2DL [112]. Figure 2 summarizes
HIV-induced changes in the expression of MHC ligands in
HIV-infected persons.
Changing the expression of NKRs
Viruses may evade NK cell-mediated killing by increasing the
expression of inhibitory and/or by decreasing the expression of
activating receptors on the surface of NK cells of the infected
host. There is sufﬁcient evidence to suggest that HIV uses this
strategy to counter antiviral NK cell responses of the host.
Several workers have documented an increase in the expres-
sion of inhibitory receptors (e.g., iKIR) and a decrease in the
expression of activating receptors (e.g., NCR) in HIV-infected
individuals. Interestingly, these dichotomous effects on inhib-
itory and activating NKRs were mainly observed in viremic
patients and correlated with viral load. Only a transient de-
crease was observed in the expression of 2B4, whereas no
effect was observed on the expression of NKG2D on NK cells
from HIV-infected persons. These changes in receptor expres-
sion were often accompanied with decreased cytolytic activities
of NK cells [1, 16, 49, 51] (reviewed in ref. [113]). The
occurrence of these changes in viremic patients as well as their
correlation with viremia suggest that the virus might have
caused the receptor modulations. This is further supported by
the fact that a stabilizing effect of the HAART treatment on the
receptor expression was observed. However, the treatment was
able to restore the expression to normalcy after a long period of
administration, when it resulted in undetectable viral loads in
the patients [51, 56]. In addition to direct effects of the virus,
chronic activation of the immune system via antigens from
HIV-1 and/or from other coinfecting pathogens may have
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caused perturbations in the expression of NKR. Repeated
antigenic stimulations are known to induce expression of sev-
eral inhibitory receptors including KIR on immune cells [114].
With respect to the NKG2/CD94 family receptors, an ex-
pansion of CD94/NKG2C and a marked depletion of CD94/
NKG2A NK cells have been described in the peripheral
blood of HIV-infected persons [53]. HAART did not reverse
these changes despite reducing viremia to undetectable levels
in these patients. These changes are also not observed in the
individuals infected with HIV alone. It is noteworthy that
similar changes in the expression of the CD94/NKG2 family of
receptors have been reported in humans suffering from chronic
infections with HCMV. It seems more likely that HCMV in-
fection may be the real cause in driving these changes in HIV-
and HCMV-coinfected patients. Indeed, HCMV-infected ﬁbro-
blasts cause proliferation of NKG2C human NK (HNK) cells
in in vitro studies. However, the changes seem to be more
pronounced in the coinfected individuals [53, 115, 116]. These
observations suggest a possible role of HIV infection in these
NKR perturbations. It may be relevant to mention here that
NKG2A is an inhibitory and NKG2C is an activating NKR.
Both of them bind to HLA-E on target cells and regulate NK
cell functions. The two receptors usually occur on the
CD56highCD16low subset of NK cells, which express low levels
of KIR. It is believed that NKG2A may be important in
maintaining self-tolerance in NK cells that do not express
self-reactive KIR. It is noteworthy that a HCMV-encoded pro-
tein UL40 provides a peptide, which binds and stabilizes
HLA-E. The HLA-E is also stabilized by a peptide derived
from the HIV p24 protein [100, 117]. An increased expression
of HLA-E on CD4 T cells in HIV-infected individuals has
also been described [55]. The enhanced HLA-E expression
may have caused proliferation of NKG2C and/or an early
depletion of NKG2A NK cells. It is not clear how these
receptor changes could affect progression of HIV infection.
The fact that persons coinfected with HIV and HCMV progress
more rapidly toward AIDS [118] suggests that NKG2C NK
cells may be involved in immunopathology. We speculate that
these CD56NKG2C NK cells may kill many different types
of cells including mature DC and CD4 T cells, which express
HLA-E [100, 117, 119]. However, it must be emphasized that
there is no direct experimental evidence at this point in time to
support this notion. The modulation of NKRs by HCMV pro-
vides an example of how this herpesvirus may affect the natural
course of HIV infection in coinfected individuals.
NKp44 is an activating receptor, which is not expressed on
resting NK cells. The receptor is induced on cytokine-activated
NK cells. A group of researchers has shown that freshly iso-
lated NK cells from HIV-infected viremic persons are aber-
rantly activated: They are CD69, HLA-DR but do not
express NKp44. Furthermore, they express relatively low levels
of other NCR [52].
As mentioned above, HIV or its products have been impli-
cated in the induction of changes in the expression of NKRs in
HIV-infected patients. It is noteworthy that the infection
causes a dysregulated production of many cytokines in the
human body. It is not surprising that these cytokines have been
implicated in this process. Two groups of researchers have
suggested the involvement of IL-10. This immunosuppressive
cytokine induces changes in the expression of NKRs in vitro
similar to those seen in HIV-infected patients in vivo, i.e.,
increased expression of CD94, CD161, and CD158a or
KIR2DL1 [41, 48]. It is noteworthy that concentrations of
IL-10 are increased in the circulation of HIV-infected persons.
The changes observed in the expression of NKRs in HIV-
infected persons are summarized in Figure 2.
Fig. 2. HIV-induced changes in the expression of NKRs and their ligands. (A) Changes in the expression of various NKR ligands. (B) Changes in the expression
of NKRs from HIV-infected persons. Collectively, these changes may protect HIV-infected cells from NK cell-mediated lysis. aKIR, Activating KIR; iKIR,
inhibitory KIR.
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Changing the expression of NKRs on
non-NK cells
Many NKRs are also expressed on non-NK cells. CD56 is
usually expressed on activated CD8 T lymphocytes. Its ex-
pression has been associated with the acquisition of cytotoxic
functions in these cells [120]. A decrease in the expression of
CD56 has been described on NK and CD8 T cells in HIV-
infected persons. Indeed, CD56 NK and CD8 T cell popu-
lations from HIV-infected persons express less perforin and are
less cytolytic compared with their counterparts from HIV-
seronegative, healthy subjects [10, 58, 121].
Normally, monocytes do not express CD16; they do so upon
activation. TGF-1 has been shown to induce its expression on
monocytes in humans. Monocytes from HIV-infected AIDS
patients express this marker, and this expression correlates
with increased concentrations of this cytokine in the circula-
tion of these patients [122]. This expression has implications
for virus replication, as CD16 monocytes are highly permis-
sive to HIV replication [123]. Furthermore, these cells may
shed sCD16, which may interfere with killing HIV-infected
cells via ADCC.
CD57 (Leu-7; HNK-1) is a 110-kD glycoprotein expressed
on a subset of NK, CD8, and CD4 T cells, which plays a role
in homotypic cell adhesion. It bears a sulfated carbohydrate
epitope (glycotope), which is also present on several other
glycoproteins and glycolipids expressed on the surface of dif-
ferent cell types. The epitope is regulated by two glucuronyl-
transferases (-P and -S) and a sulfotransferase (HNK-1; see ref.
[124] for a review). In the immune system, CD57 is expressed
on terminally differentiated effector cells. These cells can
neither proliferate nor circulate; however, they do migrate to
nonlymphoid tissues and secrete cytokines. In the case of
CD8 T cells, CD57 expression is restricted to effector/mem-
ory phenotype. The marker is also expressed on aberrantly
differentiated and clonally exhausted effector cells. Increased
numbers of CD57-expressing NK and CD8 T cells occur in
chronic viral infections including that of HIV [16, 124]. Re-
peated antigenic stimulation may lead to clonal exhaustion and
increased CD57 expression in HIV-infected persons. Further-
more, aberrant differentiation of these cells as a result of a lack
of CD4 help and/or dysregulated production of cytokines such
as IL-2, IL-7, IL-15, IL-21, IL-10, etc., may also lead to an
increased number of CD57 cells in this infection. Increased
numbers of CD57 T and NK cells represent immune dysfunc-
tion.
In the course of normal differentiation into terminally dif-
ferentiated effector cells, CD8 T cells acquire CD57 and lose
CD27. However, in the case of HIV infection, they acquire
relatively low levels of CD57 (compared with HCMV and
EBV-speciﬁc effector CTL) and do not lose CD27 expression
[125]. This suggests that HIV-speciﬁc CTL undergo aberrant
and incomplete course of differentiation. This defective differ-
entiation of HIV-speciﬁc CTL is further supported by their
decreased expression of perforin, lower cytotoxicity, and in-
creased expression of the inhibitory marker programmed death
(PD)-1 and other phenotypic markers [126, 127]. It has also
been proposed that in HIV infection, NK cells and CTL un-
dergo premature senescence without undergoing complete
physiological differentiation. This premature senescence has
been proposed as the main reason of inability of HIV-infected
persons to control the virus [128].
A subset of CTL has been shown to express KIR, NKG2/
CD94, killer lectin-like receptor (KLR)-G1, and ILT-2. These
markers are usually expressed at distinct stages in the course
of development and differentiation of naı¨ve CTL into effector/
memory cells. For example, KLR-G1 CD57 CTL represent
terminally differentiated effector CTL, and KLRG1CD57–
CTL represent long-lived memory CTL [129]. Developing T
cells acquire these markers after completion of their TCR gene
rearrangements. Therefore, CTL with similar TCRV genes
may have different repertoires of KIR, NKG2, and KLR-G1
receptors [130]. The level of expression of these receptors on
CTL determines their antigenic threshold for activation and is
“ﬁne-tuned” to avoid autoimmunity and to mount an effective
immune response against invading pathogens [131, 132]. The
expression of KIR in humans (and of Ly49 in mice) seems to
confer survival advantage in CTL and prevents them from
undergoing activation-induced cell death in response to TCR
stimulation. KIR CTL express higher levels of the antiapo-
ptotic protein Bcl-2 as compared with the ILT-2 CTL [133–
136]. It appears that KIRs are expressed on long-lived memory
T cells having monoclonal or oligoclonal expression of TCRV
genes. ILT-2, on the other hand, are expressed earlier than
KIR in the course of differentiation of CTL. Consequently, they
are expressed on a larger percentage of antigen-speciﬁc CTL
with a broader use of TCRV genes. Interestingly, ILT-2 but
not KIR, HIV-speciﬁc CTL could be easily detected in HIV-
infected AIDS patients, which again suggests their defective
differentiation. KIR CTL express perforin and secrete IFN-,
whereas ILT-2 CTL can only secrete cytokines and contain
little perforin [133]. Expansions of CD8T cells expressing
these receptors usually occur in viral infections, which subside
upon resolution of the infection. However, increased frequen-
cies of the cells bearing these receptors persist in chronic
infections [137–140]. The expression of inhibitory NKRs on
CTL may be essential for the development of virus-speciﬁc
memory responses. This expression raises the activation
threshold of CTL and prevents indiscriminate killing of host
cells but still allows killing of virus-infected cells. However,
coengagement of inhibitory receptors inhibits TCR-mediated
activation of CTL [141]. It has also been observed in in vitro
studies that a blockage of KIR markedly increases CTL-medi-
ated killing of HIV-infected, autologous cells [40]. In mice,
which do not have KIR genes but express their functional
orthologs (LY49 genes) on their NK cells and a subset of CTL,
it was also demonstrated that blockage of LY49 receptors
increases anti-tumor activities of NK cells resulting in tumor
regression [142, 143]. Interestingly iKIR, CD94/NKG2, and
KLR-G1 could also be detected but sparsely on CD4 T cells
in human peripheral blood. Percentage of these cells increases
with age.
It is noteworthy that many of the observations concerning the
expression of inhibitory receptors on CD8 T cells have been
veriﬁed in vivo in mice infected with chronic lymphochorio-
menengitis virus infection [144].
It has been well documented that HIV infection induces a
vigorous antiviral CTL response in the host (reviewed in ref.
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[145]). The frequency of virus-speciﬁc CTL in the circulation
of HIV-infected persons is usually higher as compared with
that seen in several other viral infections. Consequently, HIV-
speciﬁc CTL can be readily demonstrated in the peripheral
blood of HIV-infected individuals without prior stimulation
and expansion. Despite this, cellular immune response is un-
able to control HIV infection in humans. There could be
several reasons for the inability of the antiviral CTL responses
to clear HIV infections: high mutability of HIV-1, depletion of
CD4 T cells and consequent loss of CD4 help, incomplete
differentiation of CTL, increased expression of proapoptotic
molecule PD-1, impaired proliferative capacity of HIV-speciﬁc
CTL, decreased expression of CD3 on CTL, etc. (reviewed in
refs. [145–147]). An increased expression of inhibitory NKR
on these cells may also play a role in the ultimate failure of this
antiviral immune response in controlling HIV infection in
humans. This is supported by the facts that long-term, nonpro-
gressors do not express increased levels of these receptors on
their CD3CD8 peripheral blood cells, and in vitro blocking
of these receptors causes increased killing of the CTL against
autologous, HIV-infected cells [45, 148].
Disturbing NK cell interactions with
other immunocytes
As mentioned earlier, NK cells interact intimately with DC.
These interactions have important implications for the ensuing
innate and adaptive immune responses against viral infections
and malignancy. During these interactions, the two types of
cells form an immune synapse with each other. NK cells
induce polarized secretion of IL-12, IL-18, and membrane-
bound IL-15 from DC. The polarized secretion from DC re-
quires tubulin rearrangement and activation of calcium-cal-
modulin-dependent kinase II (CAMK-II) [149, 150]. These
cytokines activate NK cells, which in return, secrete IFN-,
TNF-, and high mobility group box-1 (HMGB1), which cause
DC maturation [151, 152] (reviewed in ref. [153]). It is note-
worthy that HMGB1 is the most potent proinﬂammatory cyto-
kine that causes DC maturation. The DC-maturing capacity of
different NK cell clones depends on their ability to secrete this
cytokine [154, 155]. The physical contact between the two cell
types involves interactions among several receptor-ligand
pairs, which include LFA-1, NKp30, NKp46, 2B4, DNAX
accessory molecule 1 (DNAM-1), NKG2D, TNFRII, and
NKG2A [150, 156, 157]. NK cells also perform the task of
quality control and kill immature DC if they do not undergo
proper maturation. It has been demonstrated that NKp30,
DNAM-1, and LFA-1 are involved in the NK cell-mediated
killing of autologous, immature DC [158]. Mature DC are not
killed, as the maturation process induces expression of HLA
antigens, which protect them from NK cells. It is noteworthy
that it is the CD56highCD16dim NK cells that interact with and
cause maturation or killing of immature DC. These NK cells
express little KIR and express CD94/NKG2A as the main
inhibitory receptors. It is not yet fully understood how NK cells
choose between killing and causing maturation of immature
DC. It probably depends on the proﬁle of expression of several
molecules on the surface of immature DC. If DC fail to express
HLA antigens upon maturation, they may be killed by NK
cells. The NK cell-activating potential of DC also depends on
the milieu in which they differentiate. For example, immature
DC, differentiated in the presence of IL-4, selectively activate
NK cells but not T cells. IL-4 induces the expression of
triggering receptor expressed on macrophage-2 on DC [159,
160]. The ratio between NK cells and their interacting DC is
also a factor: A greater ratio tends to favor the killing rather
than maturation.
After maturation, DCs express CCR7 and migrate to second-
ary lymph organs, e.g., lymph nodes, where they interact with
T cells as well as with activated NK cells, which control and
determine T cell-priming capabilities of DC. The DC generated
from monocytes in the absence of NK cells are unable to prime
CD8 T cells. The NK/DC interactions may allow DC to prime
T cells without help from CD4 T cells. The speculation is that
NK cells may themselves provide this help. As mentioned
earlier, properly activated NK cells express molecules that may
enable them to interact with T cells. The cross-talk also in-
volved cell–cell contact via CD161/Clr-b, 2B4/CD48, DNAM-
1/Poliovirus receptor, NKG2D/NKG2DL, as well as soluble
mediators, e.g., TNF-, IFN-, IL-12, and others [161–163].
Depending on these interactions, DC may emerge that could
prime naı¨ve CD4 T cells into TH1-type cells. The interac-
tions may also lead to the generation of DC, which may favor
the generation of immunosupressive regulatory T cells (Tregs).
As a result of the importance of NK/DC interactions in
mediating effective antiviral immunity, viruses may target
these interactions for immune evasion. For example, it has
been shown that monocyte-derived DC (MDDC) from hepatitis
C virus (HCV)-infected persons and their autologous NK cells
fail to induce reciprocal activation. This failure results from the
inability of these MDDC to express MICA and MICB in re-
sponse to IFN-. The MDDC generated from the infected
persons produce more IL-10 and TGF- [164, 165], and
TGF- promotes induction of IL-10-secreting Tregs by induc-
ing forkhead box P3 (FoxP3) expression in CD4 precursor
cells [166].
The NK/DC interactions also become aberrant in HIV-
infected persons. The NK cell-editing function seems to be lost
in HIV-infected persons. Activated NK cells from viremic
persons are unable to kill autologous, immature MDDC [51,
167, 168]. This defect was more profound in the CD56–CD16
NK cell subset, as it could not be overcome even after masking
NK cell inhibitory receptors. The mature DC from HIV-in-
fected persons produced less IL-12 and could not activate
interacting NK cells. Consequently, these NK cells produce
less IFN-. Defective NKp30- and TRAIL-mediated killing
was blamed on the escape of the immature DC from NK
cell-mediated killing in HIV-infected persons [167]. Aberrant
NK cell/DC interactions may result from overall defective NK
cell functions, depletion of certain functional NK cell subsets,
and changes in the expression of NKRs and coreceptors.
Certain viral proteins have also been shown to interfere in
these interactions. It was demonstrated in in vitro studies that
LFA-1-mediated activation of CAMK-II and microtubule rear-
rangement are essential for NK cell activation by mature DC.
Tat inhibits this activation by interfering with Ca inﬂuxes
and activation of CAMK-II. More speciﬁcally, the C-terminal
domain of Tat was found to be responsible for this interference
[150]. In another study, Nef was shown to dysregulate DC/NK
Iannello et al. HIV’s evasion of NK cell responses 35
interactions. Nef-pulsed DC inhibit chemokine secretory ca-
pacity as well as the cytotoxic ability of NK cells, including the
CD56low CD16high subset, possibly by inducing TGF- and
IL-10 [169].
NK cell/DC interactions determine T cell-priming charac-
teristics of DC. For example, IFN--activated NK cells induce
type 1 DC. These DC, which produce IL-12 upon stimulation
via CD40, are efﬁcient in priming TH1-type CD4 effector T
cells. IFN- is necessary for inducing this kind of helper
function in NK cells [170]. Treatment of NK cells with IL-2 or
polyinosinic:polycytidylic acid has similar effects [152, 171].
Improperly “helped” DC may induce tolerance in the interact-
ing T cells and/or may cause their differentiation into suppres-
sive Tregs. The DC, which fail to prime T cells, frequently
express tryptophan-catabolizing enzyme indoleamine 2,3-di-
oxygenase (IDO), which converts tryptophan (an essential
amino acid) into kynurenine and other catabolites [172, 173].
In the absence of tryptophan, T cells cannot proliferate. Fur-
thermore, tryptophan catabolites induce apoptosis in T cells
[174]. This results in decreased serum concentrations of tryp-
tophan. It has also been shown that individuals with increased
IDO activity are compromised in the production of 5-hydroxy-
tryptamine in their brains. This mediator is important for
signaling across neuron synapses. Its decreased production
leads to decreased cognitive abilities, loss of memory, depres-
sion, and other psychiatric abnormalities. In the case of HCV-
infected persons, it has been shown that decreased serum
concentrations of tryptophan correlate with psychiatric symp-
toms in these patients. Decreased serum concentrations of
tryptophan have also been reported in HIV-infected persons
[175]. These concentrations correlate with neoptrin as well as
with depression, psychiatric, and neurological symptoms. Ab-
normal NK/DC interaction could play a role in these manifes-
tations.
As mentioned above, NK cells also interact with macro-
phages. NK cell/macrophages could play an important role in
protecting host from pathogens (reviewed in ref. [176]). Nothing
is known about NK cell/monocyte interactions in HIV infec-
tions.
Tregs are CD4CD25FoxP3 and glucocorticoid-induced
TNFR-related protein T cells known for their immunosup-
pressive properties. They can inhibit immune responses by
suppressing T and NK cell functions. Enhanced numbers and
functional activities of Tregs have been reported in the tissues
of HIV-infected persons (reviewed in ref. [177]). It has been
demonstrated that Tregs suppress NK cell functions. Activated
Tregs express membrane-bound, functionally active TGF-. In
vitro incubation of Tregs with NK cells leads to down-regulated
expression, which is TGF--dependent, of NKG2D and other
activating receptors on NK cells (reviewed in ref. [178]). De-
pletion of Tregs may represent a novel way for enhancing NK
cell functions in HIV-infected persons. It also leads to en-
hanced, HIV-speciﬁc CTL activity [177].
Dysregulating production of NK cell-activating
cytokines in HIV-infected individuals
NK cells bear receptors for a variety of cytokines, e.g., IL-2,
IL-12, IL-15, IL-18, IL-21, TGF-, type I IFNs (IFN-/), etc.
An optimum production of these cytokines is needed to main-
tain NK cell homeostasis and ready-to-kill state in the body.
Several studies have shown that hosts (including humans)
respond to a viral infection with the enhanced production of
several cytokines, e.g., IFN /, IL-12, IL-15, and IL-18 [179,
180]. A coordinated production of these cytokines is essential
for mediating an effective antiviral NK cell response of the
host. Immediate activation of NK cells following a viral infec-
tion is, to a large extent, a consequence of this virus-mediated
cytokine production. Each of these cytokines plays a distinct
role in NK cell activation and expansion following a viral
infection. In chronic viral infections, e.g., HIV-1, this coordi-
nated production of cytokines is dysregulated, which may be
responsible, at least in part, for defective NK cell responses.
Table 3 shows how these cytokines affect NK cell function and
what happens to their production in this viral infection. HIV
and its proteins play a role in the dysregulated production of
cytokines. For example, gp120 induces IL-10, IFN-, and
TNF-, and Tat induces TGF-1 and IL-6 but inhibits IL-12
production in human PBMC [181–183]. The viral protein Nef
induces IL-15 and decreases IL-18 production in the human
cells [184, 185]. Overall, it has been well-documented that
HIV-infected persons become compromised in their ability to
produce IL-2, IL-12, IL-15, and IL-21 [179, 186–189]. Their
TABLE 3. Effects of Different Cytokines on Human NK Cells
Cytokine Development Maturation Cytotoxicity Survival Homeostasis Cytokine Production Proliferation Status in HIVa
IFN-/ – 1 –/ 1 –/ 2
IL-1 – 1 –/ 1 –/ 2
IL-2 – 1 –/ 1 1 2
IL-7 – 1  1 1 2
IL-4 D2 –/ – –/ 1 1
IL-10 – 1 – 1 –/ 1
IL-12 D1 1 1 1 1 2
IL-15  1 1 1 1 2
IL-18 M F 1 1 1 1
IL-21 M 1, N 1 1 1 2
TGF- – 2 2 2 2 1
It is noteworthy that cytokines usually act in synergism with each other; e.g., IL-2 and IL-12 act synergistically with IL-12 and IL-18, respectively.1, Increased
effect,2, decreased effect; –, no effect; –/, the cytokine may have an enhancing effect in combination with another cytokine; D1, differentiation into NK1; D2,
differentiation into NK2; F, increased cytotoxicity as a result of increased expression of Fas ligand (FasL); N, decreased expression of NKG2D and decreased
cytotoxicity against NKG2DL-positive target cells; M, cytokine needed for full maturation of NK cells. aOverall production in HIV-infected persons.
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type I IFN-producing cells (pDC) also produce less of the
cytokine and are progressively depleted [190, 191]. A lack of
these cytokines affects differentiation, survival, and cytolytic
functions of NK cells. On the other hand, the concentrations of
some immunosuppressive cytokines, e.g., TGF- and IL-10,
are increased in the circulation of HIV-infected patients [192,
193]. Parato et al. [48] have proposed that increased IL-10
induces similar changes in NK cells as observed in HIV-
infected persons. They observed a normalizing effect of
HAART on IL-10 and NK cell phenotypes in a limited number
of HIV-infected persons. Contrary to IL-12 and IL-15, whose
production decreases in HIV-infected persons, we and others
[194, 195] have reported increased concentrations of IL-18 in
the sera from HIV-infected persons. Interestingly, the PBMC
from these persons were found to produce less of this cytokine
with or without stimulation with LPS. Interestingly, cells other
than monocytes also produce the cytokine: Keratinocytes, ad-
renal cortex, and platelets also are rich sources of this cyto-
kine. We have shown that activated platelets contribute toward
increased concentrations of this cytokine in HIV-infected per-
sons [196]. It is noteworthy that IL-18 concentrations also
increase in chronic inﬂammatory conditions. The cytokine
increases FasL expression on NK cells, and FasL-positive NK
cells may be involved in fratricidal killing of other NK cells.
The cytokine appears to hasten NK cell death via Fas/FasL
interactions. In constrast to the concentrations of various cy-
tokines, little is known whether there is any change in the
expression of cytokine receptors on NK cells in HIV-infected
patients. In this regard, a group has shown decreased expres-
sion of the IL-7R on NK cells in HIV-infected persons [197].
IL-7 promotes proliferation of the CD56bright subset of NK
cells, which express this receptor. The viral protein Tat is
known to down-regulate this receptor in CD8 T cells [198]
and is probably also responsible for this effect in NK cells. The
protein is released from HIV-infected cells and is actively
taken up by other cells in the body. Another research group has
documented that NK cells from HIV-infected persons do not
respond to IFN- [43]. The authors did not ﬁnd out whether the
lack of response was a result of a decrease in the cytokine
receptor and/or a result of a defective signaling pathway of the
cytokine. The decreased expression of cytokine receptors may
adversely affect NK cell functions in a variety of ways: causing
aberrant expression of NKRs, inducing apoptosis, etc.
Altering NK cell-secreted cytokines and
chemokines in HIV infection
The proﬁle of NK cell-secreted cytokines appears to be mod-
iﬁed in HIV-infected persons. As stated above, NK cells are
known to secrete several cytokines and soluble mediators:
IFN-, TNF-, TNF-, GM-CSF, IL-3, IL-4, IL-5, TGF-1,
IL-10, IL-13, etc. They do so upon interaction with the target
cells, which trigger NK cell cytotoxicity as well as upon acti-
vation with an appropriate combination of other cytokines, e.g.,
IL-12 and IL-15. Interestingly, IL-15 appears to be required by
NK cells for their production of TH2-type cytokines [199–
203]. NK cells also express constitutive, but not inducible,
endothelial NO synthase (NOS) and secrete NO. Interestingly,
NOS inhibitors can signiﬁcantly inhibit functions of HNK cells
[204]. Several studies have shown that the proﬁle of NK
cell-secreted cytokines depends on the milieu in which they
develop and differentiate. In analogy to TH1- and TH2-type
CD4 T cells, NK cells could differentiate into type 1 or type
2 NK cells (NK1 or NK2). NK1 cells predominantly secrete
IFN-, whereas NK2 cells predominantly secrete IL-5 and
IL-13 [205, 206]. It is noteworthy that existence of the two
types of NK cells has been demonstrated in vivo in humans,
and they may affect the course of certain disease conditions.
For example, NK1 and NK2 cells have been associated with
episodes of relapses and remissions in multiple sclerosis, re-
spectively [207]. It has also been shown that NK2 cells play a
role in the immunopathogenesis of asthma and in the mainte-
nance of normal pregnancy in humans [208, 209].
Surprisingly, we could not come across any study in litera-
ture about the proﬁle of NK cell-secreted cytokines in HIV-
infected persons. However, Chan et al. [210] have shown that
NK cells from these persons are of type 2. Their study relied on
two cell surface markers belonging to the IL-1R superfamily,
IL-18R and ST2L, which are expressed on the surface of cells
producing TH1- and TH2-type cytokines, respectively [210,
211]. These results support earlier reports implicating TH2-
type cytokine responses in the immunopathogenesis of AIDS
[193, 212, 213]. NK cells may be contributing to the predom-
inance of TH2 cytokine responses in HIV-infected AIDS pa-
tients. However, studies are needed to investigate NK cell-
secreted cytokines in humans in the course of HIV infection.
In addition to cytokines, NK cells produce abundant
amounts of several chemokines, e.g., CCL3 (MIP-1), CCL4
(MIP-1), and CCL5 (RANTES), which play an important role
in initiating NK cell-mediated inﬂammation. These chemo-
kines are also important in the context of HIV infection, as they
bind to CCR5 and block entry of CCR5-using M-tropic HIV
strains from entering into human cells. It is important to note
that primary HIV infections usually result from M-tropic viral
strains. This may also explain why persons with high-activity
NK cells may be relatively protected from contracting HIV
infections [12, 13]. It has been demonstrated that NK cells
from HIV-infected individuals produce relatively less amounts
of these chemokines and may be less efﬁcient in blocking
CCR5 and suppressing HIV replication [6, 8]. Not surprisingly,
culture supernatants of NK cells from HIV-infected persons
are less efﬁcient in suppressing HIV replication than similar
supernatants obtained from the cells of HIV-seronegative,
healthy persons. Interestingly, viremia seems to directly sup-
press chemokine production from NK cells [11].
Infecting NK cells
Infecting the very immune cells that may inhibit viral replica-
tion is a clever strategy to evade host immunity. By infecting an
immunocyte, the virus could cripple its immune effector func-
tions. HIV-1 can infect many types of immune cells, e.g.,
CD4 T cells, macrophages, DC, etc. In vitro studies have
shown that the virus can also infect NK cells [214, 215]. The
CD8 NK cell subset was found to be more susceptible to HIV
infection than the CD8– subset. The two cell subsets varied in
the production of cytokines: the former producing more TNF-
and the latter producing more IFN-. This differential produc-
tion of the cytokines was shown to be responsible for the
differential susceptibility of the NK cell subsets to HIV infec-
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tion [214, 215]. This preferential infection of CD8 NK cells
with HIV-1 may also explain why the CD8CD16 NK cells
are frequently depleted in the circulation of HIV-infected
individuals [14, 27, 216]. The infected NK cells become im-
paired in their cytolytic functions. Remarkably, NK cells can
also be infected with HIV with help from human herpesvirus 6
(HHV-6). The latter virus infects human NK cells and induces
the expression of CD4 in these cells, rendering them suscep-
tible to infection with HIV-1 [217]. It is noteworthy that
HIV-infected individuals suffer from frequent reactivations of
herpes viruses, and HHV-6 infection is considered an impor-
tant cofactor in the development of AIDS. Moreover, CD8-
tropic HIV-1 strains have also been isolated from HIV-infected
AIDS patients. Interestingly, these strains use CD8 and not
CD4 as a primary receptor in human cells and infect CD8 T
cells [218]. Little is known about these CD8-tropic HIV
strains. Theoretically, they could potentially infect CD8 NK
cells. It is noteworthy that in vivo infection of NK cells in
HIV-infected persons has also been demonstrated [219]. A
small percentage (0.3–6.5%) of circulating CD3–CD56 HNK
cells expresses CD4 and HIV coreceptors, CXCR4 and CCR5.
Proliferative activation of NK cells causes an increase in the
expression of CD4 and CCR5 on these cells. CD4 NK cells
can be infected in vitro with T- and M-tropic HIV-1 strains. A
more efﬁcient way of infecting NK cells is their coculture with
HIV-infected cells. This suggests that in vivo, cell-to-cell
infection of NK cells may be more important. NK cells seem to
be relatively resistant to killing by HIV infection. The infected
NK cells may persist in vivo despite treatment of the infected
persons for several years with HAART [219–221]. Thus, NK
cells may provide a sanctuary to HIV, and the virus-infected
NK cells may represent important viral reservoirs. The virus
may persist in these cells even when HAART may have re-
duced viremia to very low or undetectable levels. It may be
relevant to mention here that NK cells express a higher level of
P-glycoprotein compared with other lymphocytes. Therefore,
HIV-infected NK cells may be relatively more resistant to
antiretroviral drugs, e.g., protease and RT inhibitors [219,
222]. These ﬁndings have implications for therapeutic strate-
gies being used for elimination of the virus from HIV-infected
persons.
Enhancing apoptosis in NK cells
NK cells from HIV-infected individuals have a reduced capac-
ity to proliferate upon in vitro culture. It is noteworthy that the
expression of a senescence marker CD57 is signiﬁcantly in-
creased on the surface of NK cells in HIV-infected persons.
NK cells also undergo enhanced, spontaneous apoptosis as
compared with the cells from healthy, control subjects. The
enhanced apoptosis was ascribed to their relatively low expres-
sion of the antiapoptotic proteins Bcl-2 and Bcl-XL. It has been
shown that Tat induces TGF- and apoptosis in NK cells. It
also down-regulates Bcl-2 expression in other hematopoietic
cells [183, 223]. IL-10 is known to enhance serum starvation-
induced apoptosis in human cells by decreasing transcription
of antiapoptotic proteins Bcl-2 and Bcl-XL. As mentioned
above, increased concentrations of this cytokine in the circu-
lation of HIV-infected persons have been well documented.
The viral glycoprotein gp120 from T-tropic viral strains has
also been shown to increase expression of proapoptotic genes
and decrease expression of antiapoptotic genes in NK cells
[224]. In this connection, another study has shown that gp120
interaction with the viral coreceptor CXCR4 induces cell death
via autophagy: a kind of programmed cell death in which large
chunks of cellular material and cytoplasmic organelles are
degraded in lysosomes [225]. NK cells constitutively express
this receptor, and its interaction with gp120, which is present
in virions and/or the circulation, may induce autophagic death
of NK cells. As mentioned above, recombinant gp120 has, in
fact, been shown to induce up-regulation of several proapo-
ptotic genes in NK cells [224]. So, it is not surprising that
viremia is associated with decreased NK cell numbers as well
as with decreased functional capability of NK cells in HIV-
infected persons [1].
Addition of the prosurvival cytokine IL-15 to in vitro NK cell
(and T) cell cultures increases their survival by up-regulating
the expression of Bcl-XL [226]. In normal NK cells, which
constitutively express high amounts of Bcl-2 and Bcl-2-like
proteins, IL-15 increases NK survival by down-regulating Bim
and maintaining antiapoptotic protein Mcl-1 [227]. Bim is the
only-BH-3 domain-containing, proapoptotic member of the
Bcl-2 family of proteins. It binds with and inactivates Mcl-1,
another member of the Bcl-2 family having antiapoptotic func-
tions (reviewed in ref. [228]). Recombinant human IL-15 may
represent a useful immunotherapeutic tool and vaccine adju-
vant for HIV-infected AIDS patients because of its prosurvival
and antiapoptotic effects on NK cells, less toxicity, and mini-
mal enhancement of HIV replication (reviewed in ref. [229]).
A small proportion of NK cells from normal, healthy persons
undergoes apoptosis when they are used as effector cells in in
vitro NK cell cytotoxicity or ADCC assays [230, 231]. It has
also been demonstrated that NK cells can undergo apoptosis
after activation, as in the case of T cells. For example, IL-2 and
IL-12-stimulated NK cells undergo apoptosis when they were
incubated with immobilized antibodies directed against CD16,
CD2, or CD94 [232–234]. It was also learned that incubation
of NK cells with high concentrations of certain activating
cytokines, e.g., IL-15 and IL-12, induced production of TNF-,
which caused apoptosis of NK cells [235]. In fact, it is a
negative-feedback mechanism by which NK cells control and
limit self-activation and secretion of IFN-. As mentioned
above, we and others [194, 195] have reported increased
concentrations of IL-18 in the sera from HIV-infected persons.
The cytokine induces FasL expression on NK cells, which
could lead to fratricidal killing of NK cells via Fas/FasL
interactions. This may explain a negative correlation between
serum concentrations of IL-18 and NK cell numbers reported
in patients suffering from chronic autoimmune disorders [236].
Indeed, we have also observed a signiﬁcant negative correla-
tion between serum IL-18 concentrations and NK cell numbers
in these individuals (unpublished data). These studies suggest
that IL-18 may be associated with compromised NK cell func-
tions in HIV infections. The HIV protein Tat, secreted from
HIV-infected cells, has been shown to induce FasL expression
on NK cells and CTL [237]. It is tempting to speculate that Tat
and IL-18 may act in concert to induce FasL expression on NK
and CTL in HIV-infected persons. Fas/FasL interactions have
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been implicated in the immunopathogenesis of AIDS in HIV
infection (reviewed in ref. [238]).
NK CELL FUNCTIONS BECOME
COMPROMISED IN HIV-INFECTED PERSONS
Although humans respond to HIV infection with activation of
their NK cells, the virus uses many different strategies to
neutralize this host response. As a consequence, NK cell
function becomes compromised in these infections. Several
workers have reported that NK cell functions (killing of target
cells, ADCC effector function, editing of DC, and production of
cytokines and chemokines) become defective in HIV-infected
persons [26, 33, 34, 37, 38, 63, 239, 240]. The defects in the
NK cell compartment usually occur in early stages of the
infection. A decreased expression of LFA-1 on cells from
HIV-infected persons has been reported [241]. Furthermore, it
has also been shown that immune activation leads to an in-
crease in shedding of soluble ICAMs and CD16 in the circu-
lation of HIV-infected persons. The soluble forms of these
molecules interfere with their membrane-inserted forms. The
role of LFA-1 and its ligands in cell adhesion, conjugate
formation, and polarization of cytotoxic granules is crucial for
NK cell-mediated killing. Thus, NK cells from HIV-infected
persons may be impaired in their ability to form immune
synapses with target cells. Furthermore, the HIV protein Tat
was found to inhibit NK cell-mediated lysis by blocking L-type
Ca channels [242]. Ca infuxes are essential for activation
of CAMK-II, rearranging microtubules and triggering degran-
ulation of NK cells following activation of cells via LFA-1
[150]. Furthermore, gp120 binding to CD4 also inhibits LFA-
1-mediated cell–cell interactions by causing dissociation of
the integrin from its cytoplasmic partner cytohesin [243]. Few
studies have been undertaken to investigate functional capa-
bilities of NK cells from these persons for conjugate formation
and triggering their cytolytic machinery. It was demonstrated
that NK cells from the infected persons may form conjugates
with target cells but are defective in triggering their cytolytic
mediators onto the target cells [19, 24]. The inability of NK
cells from HIV-infected individuals to establish and maintain
an effective immune synapse and trigger its cytolytic mediators
may represent a fundamental reason for compromised NK cell
functions in HIV-infected persons.
It appears that absolute numbers and percentages of NK
cells decrease over time in HIV-infected persons. CD8CD16
and CD56CD16 NK cell subsets have been reported to
decrease in percentages and in absolute numbers in these
individuals. These decreases are often accompanied by the
expansion of a functionally defective subset of CD16CD56–
NK cells, which express KIR. It is noteworthy that it is the
CD16–CD56 subset of NK cells that expands in primary viral
infections. The changes in NK cells are more severe with the
onset of AIDS and correlate with clinical condition of the
patients [27, 32, 35, 216]. The decreases in NK cell subsets
correlate signiﬁcantly with depletion of the CD4 T cells in
these patients [14, 16], suggesting that CD4 T cell-secreted
cytokines (e.g., IL-2, IL-21) may be important in vivo in
maintaining NK cell survival. Alternatively, the declines in the
numbers of these two types of immune cells may reﬂect im-
mune dysfunction independently of each other. It may be
relevant to mention here that CD56 NK cells develop and
differentiate in thymus and secondary lymphoid organs in T
cell-rich areas. A progressive destruction of the architecture of
these organs as well as depletion of CD4 T cells in HIV-
infected persons may result in depletion of this subset of NK
cells. Overall, NK cells from HIV-infected persons express
lower levels of perforin and higher levels of SHIP, which may
be responsible for their poor cytolytic and activating potentials
[58]. As mentioned elsewhere, the envelope glycoproteins of
HIV can up-regulate proapoptotic genes and reduce surviv-
ability and vigor of NK cells (see the next section). Recombi-
nant gp120 inhibits NK cell functions when added to in vitro
microcytotoxicity assays. Furthermore, certain peptides de-
rived from the protein also have NK cell inhibitory properties
[80, 244, 245]. The exact mechanism of inhibition of the
peptides remains unknown. Finally, stress could be a factor in
suppressing NK cell functions in HIV-infected persons. Cor-
tisol has been shown to act in synergism with HIV proteins in
mediating the suppressive effects on NK cells [244].
In vitro studies have shown that several exogenous cyto-
kines, e.g., IL-2, IL-12, IL-15, IFN-, etc., increase cytolytic
and ADCC effector function of NK cells from HIV-infected
individuals. However, the responses were signiﬁcantly lower in
HIV-infected individuals as compared with HIV-seronegative,
healthy controls [19, 34, 43, 239, 246]. These observations
suggest that NK cells from HIV-infected persons may have
decreased expression of cytokine receptors and/or may have
defects in cytokine-induced signaling pathways. This may ex-
plain why NK cells from these patients produce defective LAK
cells when they are incubated with cytokines, e.g., with IL-2
[25].
EFFECT OF HAART ON ANTIVIRAL NK
CELL RESPONSES
HAART suppresses HIV replication to undetectable limits in
the circulation of HIV-infected persons. Over time, this leads
to improvement in the NK cell functions. However, a prolonged
treatment is needed for tangible improvements in the NK cell
compartment. In most of cases, the recovery is only partial. NK
cells and the receptor expression tend to normalize in the
treated persons; however, certain NK cell functions, e.g., their
ability to produce IFN- in response to IL-2 and IL-15, remain
compromised [50]. In one study, HAART reversed expression
of iKIR on NK cells after 2 years’ administration, but the
reduced expression of activating receptors persisted [51]. Sim-
ilarly, a normalizing effect of HAART was observed on the
expression of 2B4 on NK cells [56]. HAART, for more than 6
months, caused a differential disappearance of iKIR on virus-
speciﬁc CTL but usually had no effect on ILT-2 expression
[45]. HAART also does not have any effect on the expansion of
NKG2C on NK cells and CTL in HIV- and HCMV-coinfected
patients. As mentioned earlier, this can be ascribed to the fact
that HCMV and not HIV causes expansion of these cells [115,
116, 247]. In primary HIV infection, an early start of HAART
may normalize changes in the NK cell compartment within 6
Iannello et al. HIV’s evasion of NK cell responses 39
months [61]. The baseline activation of the immune system and
viral load determines the extent to which innate immune pa-
rameters could be reconstituted by HAART in HIV-infected
AIDS patients. Continued viral suppression and reduction in
immune activation for more than 1 year resulted in recovery of
pDC, better NK/DC interactions, and partial restoration of NK
cell numbers and functions [248].
If NK cells become infected, they may act as latent reser-
voirs for the virus, as the infection could persist in these cells
even after years of HAART [219, 221]. Thus, immunotherapy
should be considered for invigorating NK cell responses along
with chemotherapy.
NOVEL APPROACHES FOR ENHANCING
ANTI-HIV NK CELL RESPONSES
A better understanding of interactions between HIV and NK
cell responses of the host has led to novel, rational approaches
for boosting antiviral immunity in HIV-infected persons and for
designing more effective anti-AIDS vaccines. These ap-
proaches are listed in Table 4 and are discussed in the
following sections.
Blocking inhibitory NKRs
As stated above, KIR, NKG2A, and ILT-2 are the main inhib-
itory receptors that control NK cell activities in an individual.
They are also expressed on a subset of antigen-experienced
effector/memory CTL, in which they increase the antigen-
mediated activation threshold. Cumulative data have shown
that the expression of iKIR increases on NK cells and CTL in
HIV-infected persons, especially under viremic conditions [16,
40, 148]. Blocking the functional activities of these receptors
with receptor- or MHC-speciﬁc antibodies or with small mo-
lecular weight inhibitors increases cytolytic activities and cy-
tokine secretion from NK cells and CTL. Studies in animal
models have shown that blocking of the inhibitory NKR LY49
in vivo also augments the anti-tumor effects of NK cells and
CTL and results in tumor regression [143]. This strategy may
boost antiviral effects of NK cells and CTL in HIV-infected
individuals. In this regard, in vitro studies have shown that
masking of iKIR by mAb increases the cytolytic activities of
HIV-speciﬁc CTL from HIV-infected patients against autolo-
gous, virus-infected cells [40]. The receptors could also be
blocked by soluble MHC antigens. However, they are more
likely to bind TCR preferentially than KIR, and hence, they
may block CTL functions. Small molecular weight chemical
compounds could be synthesized to speciﬁcally block KIR–
MHC interactions. These immunotherapies will have to be
tailored individually, as the patients may differ in their KIR–
HLA combination repertoires. As the blocking of inhibitory
receptors on NK cells and CTL may promote killing of autol-
ogous cells and uncontrolled cytokine production, the treat-
ment could cause immunopathology. Furthermore, the strategy
may interfere with the development of long-term, virus-speciﬁc
memory and even may promote apoptosis of these effector/
memory cells. Admittedly, such treatments could be risky, and
the treated patients will have to be carefully monitored for any
untoward effects.
Novel ways of anti-HIV cell therapy
In the past, the infusions of the in vitro-expanded, autologous,
HIV-speciﬁc CTL have been used as immunotherapeutic tools
in HIV-infected AIDS patients without much success [249,
250]. A better strategy may involve expansion and infusion of
the CTL speciﬁc for HLA-C-restricted viral peptides, as the
virus does not down-regulate the expression of this MHC
antigen in the infected cells. Similarly, in vitro-expanded,
lymphokine-activated, autologous NK cell clones that express
inhibitory receptors for HLA-A or -B but not for HLA-C or -E
could be considered as immunotherapeutic tools in these pa-
tients. These cells should kill only HIV-infected cells that have
down-regulated HLA-A and -B but not HLA-C or -E. Similarly,
lymphokine-treated, heterologous NK cells that express one or
more iKIR speciﬁc for the recipient HLA-A or -B could also be
beneﬁcial. Alloreactive NK cells are known to preferentially
kill hematopoietic cells in MHC-disparate recipients without
causing graft-versus-host disease (GvHD). The beneﬁcial ef-
fects of alloreactive NK cells have been well documented in
leukemia patients receiving bone marrow transplants (reviewed
in refs. [251, 252]). The potential of alloreactive NK cells as
therapeutic tools for viral infections including HIV is worth
investigation.
Selecting epitopes for anti-HIV vaccination
As stated above, HIV-1 differentially down-regulates the ex-
pression of MHC class I antigens on the surface of infected
cells for evading NK and CTL-mediated killing. The viral
protein Nef causes degradation of most of the HLA-A, HLA-B,
and CD1d antigens but leaves HLA-C and HLA-E to intact on
the cell surface [96–98]. As HLA-C and -E act as ligands for
inhibitory receptors on NK cells, the virus-infected cells main-
tain their resistance to NK cells by maintaining their expres-
sion on the surface of infected cells. The virus, in fact, in-
creases the expression of HLA-E by providing a peptide
(within the viral protein p24) that can bind to this nonclassical
MHC antigen. It is noteworthy that HLA-C is not exclusively
used as ligands for NKRs. Several HIV peptides are presented
to T cells via this MHC antigen [253–255]. These peptides may
serve as better immunogens for inducing anti-HIV CTL, as
HLA-C are not degraded from the surface of the virus-infected
cells, and therefore, virus may not be able to hide from the
peptide-speciﬁc CTL. The notion is supported by the reported
association between the presence of HLA-C-restricted viral
peptides in HIV-infected individuals and their long-term non-
progression toward AIDS [256]. Furthermore, the existence of
TABLE 4. Novel Ways of Boosting Anti-HIV Adaptive
and Innate Immunity
1. By manipulating the activity of NKRs.
2. By adoptive transfer of autologous or alloreactive NK cells.
3. By the adoptive transfer of HLA-C- and HLA-E-restricted,
antiviral CTL.
4. Using HLA-C- and -E-restricted, immunogenic viral peptides.
5. Using NK cell activity-enhancing, novel adjuvants.
6. Targeting NK cells to HIV-infected cells.
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CTL, which recognize HLA-E-restricted viral peptides, has
also been demonstrated for different viruses [257]. We could
not ﬁnd any study in literature about HLA-E-restricted HIV
peptides presented to CTL. These HIV peptides could also be
considered as immunogens for vaccination against HIV.
It is noteworthy that HLA-A and -B antigens mainly present
viral peptides recognized by HIV-speciﬁc CTL. Many studies
have shown that several “protective” HLA-B allotypes can
present broadly reactive, immunodominant peptides to CTL
[258, 259]. On the other hand, only a few HLA-C-restricted
HIV epitopes have been described [253–255]. In part, it could
be a result of the fact that this HLA antigen is expressed at
relatively lower levels on human cells [260]. CTL may not be
able to detect the peptide-complexed antigen. Using knowl-
edge-based algorithms, Tong et al. [261] have shown that
HLA-C-restricted peptides could be found in most HIV pro-
teins. Further studies are needed to evaluate the functional
signiﬁcance of these epitopes.
Invigorating NK cells with cytokines/anticytokines
Use of cytokines for enhancing innate and adaptive immunity
of the host has been a cherished goal of immunologists since
the discovery of IL-2 in the early 1980s. However, the toxici-
ties associated with their use have always been prohibitive.
Potential cytokines that can be used to enhance NK cell
activity in vivo include IL-2, IL-15, IL-21, as well as ligands
for c-Kit and FMS-like receptor tyrosine kinases (Flt-3). It may
be relevant to mention here that IL-2 and/or IL-2-activated
killer cell infusions have not been promising as therapeutic
tools in cancer patients [262, 263]. In the context of HIV
infection, these immune enhancers may pose another compli-
cation. They may increase HIV replication and act as paracrine
growth factors in AIDS-related malignancies. In this regard,
IL-15 has been shown to be relatively less mitogenic and less
toxic and to have minimal effects on HIV replication. Further-
more, it inhibits spontaneous apoptosis in NK cells and CTL
from HIV-infected patients by increasing the expression of
antiapoptotic protein Bcl-XL (reviewed in ref. [229]). The cy-
tokine is an absolute necessity for normal development, differ-
entiation, and homeostasis of HNK cells. IL-21 is another
relatively recently discovered cytokine produced mainly from
activated CD4 T cells. It increases cytolytic potential of NK
cells and is even less mitogenic than IL-15. However, no data
are yet available about its effects on HIV replication and
cytotoxicity.
Enhancing immunogenicity of viral immunogens
NK cell activation in the beginning of a viral infection has a
strong adjuvant effect. Activated NK cells kill virus-infected
cells, whose products send a “danger signal” to the host for
initiating antiviral inﬂammatory and immune responses [264].
The role of NK cell-secreted IFN- in this connection has been
well documented. The studies about interactions between ac-
tivated NK cells and DC interactions also testify to the role of
NK cells in the generation of adaptive immunity. DC pulsed
with tumor cell lysates are effective in mediating anti-tumor
immunity in vitro and in vivo in animal models. It has been
shown that these DC mediate these adjuvant effects by acti-
vating NK cells [265]. It was also demonstrated that the pres-
ence of IL-18 in in vitro cultures of NK cells, DC, T cells, and
tumor cells leads to rapid generation of tumor-speciﬁc CTL
[266]. These studies show that activating NK cells at or prior to
immunization may lead to effective antiviral immunity. This
activation may be achieved by cytokines and/or TLR agonists,
which also cause release of cytokines. -Galactosyl ceramide
has also been used as an adjuvant. It is presented by APC via
CD1d to NKT cells, which in turn, activate NK cells [267,
268]. Based on our present understanding of NK cell biology,
inhibiting KIR–MHC interactions and/or inducing expression
of ligands for activating NKRs may produce better adjuvant
effects than our currently used adjuvant formulations in vac-
cination regimens. Indeed, better antigen-speciﬁc, immune
responses were induced when vectors expressing ligands for
NKG2D were used along with immunogen [269]. These novel
approaches should contribute to better and more effective
vaccine strategies against HIV infection and AIDS.
PERSPECTIVE AND FUTURE DIRECTIONS
Despite spectacular advances made in understanding NK cell
biology, there still remain unknown aspects of these cells,
which should be addressed in future research. For example, we
are still far from discovering all NKRs. An area that needs
immediate attention concerns ﬁnding ligands for aKIR and
NCR. Furthermore, we need to know better how the NKR
repertoire of the host is shaped and what effects the host MHC
has in shaping this repertoire. A lot has been learned about
interactions between NK cells and DC. It appears that NK cells
could also interact directly with T cells. This could be an
extremely productive area of research.
It is now evident from several studies that different NKRs,
particularly of the inhibitory type (e.g., KIR, ILT, KLR-G1),
are expressed frequently on antigen-experienced CD8 T cells
and less frequently on CD4 T cells. These receptors seem to
be expressed at distinct stages in the course of differentiation
and development of these cells. They may serve important
functions; e.g., they may prevent apoptosis and increase sur-
vival of the cells and/or may increase the activation threshold
of the effector cells to prevent autoaggression. These receptors
could serve as important markers to distinguish different de-
velopmental stages of these cells. This knowledge may allow us
to identify exact defects, which appear in these cells in viral
infections and malignancy.
Activating NKRs of the KIR family have been reported to
occur on CD4 T cells under certain disease conditions. Their
expression has been described on CTL in HIV-infected viremic
persons [62]. It is not known what triggers their expression and
what are the consequences of this expression—how the recep-
tor-positive cells differ from the receptor-negative cells in
terms of their proliferation, cytokine production, and interac-
tion with other cells in the body. It would also be of great
interest to see if and how HIV induces the expression of their
ligands on infected human cells.
In the context of HIV infections, future efforts should be
directed at knowing which of the NKRs are aberrantly ex-
pressed on the surface of NK cells as well as on other immu-
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nocytes, e.g., monocyte/macrophages, DC, and B and T cells
(CD4 and CD8 subsets). As mAb are not available for all of
these receptors, and the ones that exist may not distinguish
between the activating and inhibitory forms of these receptors,
therefore, one may have to use alternate methods. Fortunately,
the NKR genes, which have been studied so far, seem to be
regulated at the transcriptional level. This suggests that real-
time RT-PCR and/or oligonucleotide microarrays with appro-
priate controls may give a fair idea of the genes whose expres-
sion may be dysregulated in HIV-infected individuals.
As discussed above, modulation of interactions between
NKRs and their ligands may represent an important tool of
immunotherapy. Studies should be performed in animal models
to see the long-term effects of these interventions on the
resistance of the host to pathogens and development of tumors.
Small, antagonist chemical molecules, peptides, and human-
ized receptor-speciﬁc mAb should be developed for their po-
tential use in boosting innate and adaptive immunity in HIV-
infected individuals.
We also need to develop innovative means to target NK cells
toward HIV-infected cells. In this connection, fusion proteins
combining intracellular  chains with the extracellular region
of CD4 or with HIV-speciﬁc single-chain antibody have been
developed. Transduction of these fusion proteins into primary
human NK cells via retroviral vectors redirects their killing
toward HIV-infected cells [270]. Another group has made a
fusion protein combining gp120-speciﬁc antibodies of IgA and
IgG isotypes. It is meant to kill HIV-infected cells by linking
the viral envelope protein with FcR on NK and other immune
cells [271]. Finally, the potential of alloreactive NK cells as
therapeutic tools in viral infections, particularly with HIV, is
worth exploring. These cells have beneﬁted leukemia patients
undergoing bone marrow transplantation and do not seem to
cause GvHD (reviewed in ref. [252]). Fortunately, now, the
technology exists for obtaining fully differentiated and func-
tional NK cells from human stem cells [272].
Invigorating and activating NK cells may beneﬁt HIV-in-
fected persons in controlling the infection. However, it should
not be forgotten that activated NK cells are equipped with a lot
of destructive potential. Their excessive activation may cause
tissue destruction and contribute toward pathogenesis of the
disease. Therefore, NK cell activity-enhancing treatments will
have to be closely monitored for undesirable consequences.
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6- Mise à jour de la littérature concernant les cellules NK et l’infection 
par le VIH-1  
 
Depuis la publication des deux articles précédents portant sur l’interation entre 
les cellules Natural Killer et l’infection par le VIH-1, plusieurs articles originaux 
contenant des informations intéréssantes et pertinentes sur ce sujet  ont été publiés. Le 
chapitre suivant contient une synthèse des informations publiées depuis la parution de 
nos articles. 
 
 
 6-1 Interaction entre les cellules NK et les autres immunocytes 
 
Des études récentes ont été menées afin de comprendre l’interaction entre les 
cellules dendritiques et les cellules NK lors de l’infection par le VIH-1 et le SIDA. 
L’étude menée par Saïdi et al. a démontré que l’interaction (cross-talk) entre les cellules 
dendritiques infectées par le VIH-1 et des cellules NK autologues était déféctive [239]. 
Cette interaction défectueuse résulte sur l’incapacité des CD à médier une polarisation 
des cellules T CD4+ naïves vers un type Th1. Ces cellules dendritiques sont incapable de 
produire de l’IL-12 et de l’IL-18 et une réplication virale importante a été observée à 
l’intérieur de ces cellules. Il semble que la protéine HMGB1 (High-mobility group box 
1), qui est produite par les deux types cellulaires, joue un rôle dans ce défaut car 
l’inhibition de cette dernière par la glycyrrhizine ou des anticorps neutralisants anti-
HMGB1 a réduit la réplication virale. Cette étude représente l’une des première étude 
mettant en cause l’interaction entre ces deux cellules au niveau de la dissémination du 
virus. Une étude menée par la même équipe a démontré que les cellules dendritiques 
infectées par le VIH-1 pouvait échapper à la lyse médiée par les cellules NK et leur 
récepteur TRAIL (TNF-Related Apoptosis-Induced Ligand) [240]. Cet échappement est 
du à une augmentation de l’expression des protéines anti-apoptotiques c-FLIP (cellular-
Flice Inhibitory Protein) et c-IAP2 (cellular Inhibitor of Apoptosis 2) par la protéine 
HMGB1. 
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Un défaut dans l’interaction entre les cellules NK et les cellules dendritiques 
plasmacytoïde (CDp) a été observé chez les patients infectés [241]. Les CDp des 
patients infectés ont une incapacité à produire de l’IFN- et du TNF- qui en contre-
partie ne peuvent pas activer les cellules NK. Il semble aussi que les cellules NK de ces 
patients ont un défaut de réponse aux cytokines produites par les CDp, et que le défaut 
d’interaction provenait des deux types cellulaires et non seulement des CDp [242]. Cette 
étude a de plus démontré, comme il a été observé in vivo, que la gp120 (trimérique) du 
VIH-1 inhibe l’activité des cellules NK en se liant à l’intégrine 47 [241]. De plus, une 
étude a démontré que la protéine virale Vpr inhibe la production d’IFN de type I par les 
CDp sans induire leur apoptose. Cette inhibition aurait pour conséquence l’inhibiton de 
la production d’IFN- par les cellules NK lors de co-cultures autologues [243].  
Une étude a démontré que, malgré l’expression de niveaux élevés du récepteur TRAIL à 
la surface des CDp de patients infectés, ces cellules sont dans l’incapacité de lyser les 
cellules T CD4+ autologues qui expriment pourtant le récepteur DR5 (Death Receptor 5) 
[244]. Ceci documente donc un autre disfonctionnement de l’interaction entre ces deux 
types cellulaires lors de l’infection. 
Une étude menée par Scott-Algara et al. a démontré que l’interaction entre des cellules 
dendritiques dérivées de monocytes infectées par le VIH-1 et des cellules NK autologues 
réduit l’expression de la protéine CD85j (aussi appelé leukocyte Ig-like receptor-1/ILT2 
ou LIR-1/ILT2) sur ces dernières [245]. Ils ont démontré de plus que les cellules NK 
CD85j+ contrôlent mieux la réplication du VIH-1 lors de co-cultures in vitro que les 
cellules NK CD85j-. Cette inhibition aurait lieu sans sécrétion de facteurs solubles et 
sans utiliser de cytotoxicité mais par liaison à un ligand inconnu, distinct des molécules 
du CMH-I, qui serait exprimé de façon préférentielle sur les cellules dendritiques 
infectées.  
Le traitement de CD immatures avec de l’IL-10 induit des changements phénotypiques 
important. Ces CD deviennent résistantes à la lyse par les cellules NK et les CD matures 
deviennent très sensibles à une élimination par les cellules NK d’une manière NKG2D- 
dépendante [246]. L’infection des CD matures et immatures avec le VIH-1 induit leur 
sécrétion d’IL-10 ainsi que les mêmes résistances et susceptibilités que lors du 
traitement avec l’IL-10. De plus, les ganglions lymphatiques des patients infectés ont 
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une accumulation de CD partiellement immatures, ce qui corrobore les résultats obtenus 
in vitro par cette équipe [246]. Il semble donc que l’IL-10 perturbe le contrôle et 
l’homéostasie des CD médiés par les cellules NK au niveaux des organes lymphoïdes 
secondaires, ce qui aboutira au final à une mauvaise réponse adaptative. 
 
 
6-2 Régulation des récepteurs et des ligands 
 
Des études ont démontré que lors de l’infection par le VIH-1, les cellules T CD4+ 
sur-exprimaient un ligand pour le récepteur activateur NKp44 (NKp44L) qui est exprimé 
par les cellules NK. L’expression de ce ligand rendrait ces cellules plus sensibles à la 
lyse médiée par les cellules NK. Les données démontrent que l’expression de ce ligand 
est déclenchée par un motif hautement conservé de la gp41 du VIH-1 (appelé 3S) [247]. 
Une de leurs études a démontré que lors de l’infection de macaques avec une souche 
CCR5 tropique SHIV, l’expression du NKp44L était inversement corrélée avec la 
quantié d’anticorps anti-3S. L’expression de ce ligand était aussi en relation avec la 
chute des cellules T CD4+ et la cytotoxicité des cellules NK. Cependant, ces relations 
n’ont pas été observé lors de l’infection de macaques avec une souche double tropique 
[248]. Ceci suggère que l’utilisation de CCR5 ou de CXCR4 lors de l’infection influence 
la relation entre la déplétion des cellules T CD4+, l’expression du NKp44L et la 
cytotoxicité des cellules NK [249].  
Chez les patients infectés par le VIH-1, la quantité d’anticorps anti-3S était en relation 
avec la maintenance des cellules T CD4+. Cette équipe a donc chercher à déterminer si 
l’immunisation avec un anti-3S pouvait prévenir l’expression du NKp44L in vivo afin 
d’inhiber la déplétion des cellules T CD4+. Leur étude montre que les anticorps anti-3S 
inhibe l’expression du NKp44L et inhibent la susceptibilité des cellules T CD4+ à la lyse 
par les cellules NK. De plus, ces anticorps réduisent le taux d’apoptose des cellules T 
CD4+ au niveau du sang périphérique et des noeuds lymphatiques [248]. Cette équipe a 
de plus démontré que la protéine virale Nef présente au niveau des cellules T CD4+ 
infectées et produisant du virus, pouvait inhiber l’expression en surface du NKp44L, 
rendant ces cellules non susceptibles à la lyse par les cellules NK. Cette étude a permis 
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de mettre à jour un autre des nombreux mécanismes d’évasions médié par la protéine 
virale Nef [250]. 
Récemment, deux études distinctes ont démontré que lorsque la protéine virale Vpr 
active la voie de stress et de dommage à l’ADN médiée par la voie ATR/ATM (kinases), 
ce qui permet l’arrêt du cycle cellulaire dans la phase G2. Cette protéine virale induit 
aussi l’expression de l’ULBP-1, ULBP-2 (UL-16 Binding Protein-1 and -2) et MIC-A et 
B (MHC class I Chain-related gene A and B) sur des cellules T CD4+. Cette expression 
augmente de plus leur susceptibilité à la lyse médiée par les cellules NK [251, 252]. 
Le mécanisme d’ADCC médié par les cellules NK est directement lié à l’expression des 
récepteurs de la partie Fc des anticorps comme le récepteur FcRIIIa (CD16a). 
L’expression de ce récepteur est lié à la présence et l’activité des métalloprotéases de 
matrice (MMP). L’étude menée par Liu et al. a démontré que l’inhibition de ces MMP 
résultait sur une augmentation de l’expression de CD16 et augmentait de ce fait l’ADCC 
médiée par les cellules NK [253]. Ces données suggèrent une nouvelle stratégie afin 
d’augmenter la réponse ADCC antivirale médiée par les cellules NK.    
Une étude récente menée par Brunetta et al. a montré que seulement les patients co-
infectés par le VIH-1 et le HCMV avaient une expansion des cellules NK exprimant le 
récepteur NKG2C [254]. Sachant que l’expression du récepteur NKG2A est réduite chez 
les patients chroniquement infectés, le ratio entre NKG2A et NKG2C a été inversé 
uniquement au niveau des cellules NK de patients infectés par ces deux virus. Une 
normalisation de ce ratio a été observée seulement 24 mois après la suppression de la 
réplication virale grâce à la thérapie. Ainsi, l’inversion du ratio NKG2A/NKG2C 
caractérise un stage avancé de la pathologie associée au patients co-infectés, rendant ce 
groupe de patients distinct des LTNP et des patients en primo-infection. Une autre étude 
réalisée par la même équipe a démontré une réduction drastique d’un récepteur 
particulier à la surface des cellules NK appelés Siglec-7 (Sialic Acid-Binding 
Immunoglobulin-Like Lectin-7) [255]. Il semble que la sous-régulation de ce récepteur 
ait lieu avant celle du CD56 lors de l’établissement de l’infection chronique. Ceci 
permet donc de différencier deux sous-types de cellules NK qui sont Siglec-7-/CD56+ et 
Siglec-7-/CD56- lors de l’infection par le VIH-1, le premier sous-type apparaissant avant 
le second. De plus, l’apparition de ces sous-types est en relation avec un début de 
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disfonctionnement observable chez des patients qui ont un haut taux de réplication du 
VIH-1. Les patients non virémiques ou ayant un faible virémie ainsi que les patients 
sous thérapie antivirale n’ont d’aileurs pas d’apparition de ces sous-types. Ceci suggère 
donc l’utilisation de ces deux sous-types comme marqueurs de l’activité antivirale des 
cellules NK [255].   
Récemment, une étude menée par Leeansyah et al. a démontré que les niveaux de FcR 
au niveau des cellules NK CD56+CD94+ étaient réduits chez les patients infectés sous 
traitement antirétroviral [256]. 
 
 
 6-3 Perturbation de l’homéostasie des sous-types de cellules NK 
 
L’infection par le VIH-1 entraîne une perte des cellules NK CD56dimCD16+. Une 
étude récente a démontré que parmis ces cellules, seules les cellules étant CD57- ou 
CD57dim et non les CD57bright sont déplétées lors de l’infection chronique. Il semble que 
l’augmentation de l’expression de CD57 soit associée à une haute expression des KIR et 
de granzyme B ainsi qu’une réduction de CD107a, Ki-67, HLA-DR et CD27. Il semble 
donc que l’infection par le VIH-1 induit une déplétion des cellules NK qui sont moins 
différenciées [257]. Une étude menée par Reeves et al. a montré que chez les macaques 
infectés par le VIS, les cellules NK circulantes CD16+ ainsi que les CD56-CD16- sont 
augmentées en nombre et bien que leurs marqueurs de cytotoxicité augmentent, leur 
sécrétion de cytokine réduit [258]. Leurs cellules NK CD56+ ont des niveaux élevés 
anormaux de perforine, granzyme B et CD107a. Au contraire, les molécules permettant 
le homing comme le CD62L et CCR7, qui sont normalement exprimées sur les cellules 
CD56+, sont sous-régulées lors de l’infection. Ces données démontrent donc que 
l’infection par le VIS entraîne un shift dans les fonctions des cellules NK qui est 
caractérisé par une baisse dans la production des cytokines, de la cytotoxicité, et du 
trafic à partir des organes lymphoïdes secondaires [258]. 
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 6-4 Les cellules Natural Killer utérines 
 
Une étude a démontré que les cellules NK provenant de mères et d’enfants 
pouvaient répondre avec spécificité à une stimulation par des peptides appartenant au 
VIH-1 (enveloppe et régions régulatrices). Ceci permettrait que l’enfant ne soit pas 
infecté malgré une exposition au virus in utero [259]. De façon similaire, l’étude menée 
par Mselle et al. a démontré que seules les cellules NK utérines et non les cellules NK 
du sang périphérique sont capables de produire plusieurs facteurs solubles, notamment la 
chimiokine CXCL12, et que ces cellules sont capable d’inhiber la réplication du VIH-1 
[260]. Ces facteurs pourraient donc contribuer à l’inhibition de la transmission du virus à 
travers les tissus et les muqueuses lors de la grossesse. 
 
 
6-5 Études épistatiques sur les KIR et le CMH-I 
 
L’expression combinée du récepteur KIR3DS1 et son ligand HLA-Bw4-80I a été 
associée lors d’études épidémiologiques à une lente progression du SIDA. Il semble que 
le fait d’avoir une homozygotie pour le gène KIR3DS1 permette à des enfant exposés au 
VIH-1 de ne pas être infectés [261]. 
L’étude menée par Alter et al. a démontré in vitro que les cellules NK exprimant ce 
récepteur pouvaient mieux inhiber la réplication du VIH-1 d’une façon dose-dépendante 
par contact avec des cellules cibles exprimant le HLA-Bw4-80I, par rapport aux cellules 
qui n’expriment pas le récepteur KIR3DS1 [262]. De plus, ces cellules NK lysent les 
cellules cibles infectées d’une manière dépendante du HLA-Bw4-80I. Il semble de plus 
que les cellules NK exprimant le récepteur KIR3DS1, et à un moindre niveau KIR3DL1, 
prolifèrent lors de l’infection aigüe par le VIH-1 en présence de cellules exprimant le 
HLA-Bw4-80I [263].  
Une étude menée par la même équipe démontre que l’expression des KIR sur les cellules 
T CD8+ est progressivement augmentée lors de l’infection par le VIH-1 et corrèle avec 
le niveau de réplication virale. L’expression des KIR est associée avec une inhibition 
drastique de la sécrétion de cytokines, de la dégranulation, de la prolifération et de  
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l’activation de ces cellules après une stimulation de leurs TCR. La suppression des 
fonctions des cellules T CD8+ KIR+ est indépendante de l’engagement de leurs ligands, 
ce qui suggère que ces récepteurs répriment de façon constitutive l’activation de leur 
TCR [264].  
Les personnes qui expriment une seule copie du gène KIR3DS1 ont des cellules NK qui 
produisent plus d’IFN- et de CD107a au niveau de leurs cellules NK au repos ainsi que 
lors de l’activation de ces cellules. Cependant, il semble que l’augmentation de ces 
fonctions effectrices due à la présence du gène KIR3DS1 ne soit pas obligatoirement liée 
à la présence du HLA-Bw4-80I chez ces patients [265].  
Une étude réalisée in vivo sur des macaques rhésus infectés par le VIS a démontré qu’un 
haut niveau de réplication virale et une baisse dans la fréquence et la fonction des 
cellules NK étaient associés avec une augmentation des niveaux d’ARNm codant pour la 
protéine KIR3DL1. De plus, le polymorphisme observable au niveau du génomedes 
différents macaques était en relation avec le taux de réplication du VIS in vivo. Il 
semblerait que la présence d’un SNP 159H/Q au niveau de ce gène soit en relation avec 
une virémie élevée [266]. 
Cependant, l’étude menée par O’Connell et al. démontre que seulement certain patients 
de leur cohorte de contrôleurs élites possèdent des cellules NK capables d’inhiber la 
réplication du VIH-1 in vitro [267]. Il semble que leur cohorte n’exprime pas de façon 
plus élevé les récepteurs KIR3DS1 ainsi que les autres récepteurs KIR. De plus, les 
cellules NK de patients permettant la meilleure inhibition in vitro étaient celles ayant le 
moins d’expression des récepteurs KIR activateurs et possédaient un haplotype A. Ces 
données suggèrent donc qu’au niveau des contrôleurs élites, l’inhibition de la réplication 
virale ne soit pas médié par les cellules NK exprimant les récepteurs KIR activateurs. 
Une étude a démontré une reconnaissance de peptides appartenant à la gp120 du VIH-1 
(SF9 et son variant SL9, respectivement SFNCGGEFF et SFNCGGEFL) par les cellules 
T cytotoxiques ainsi que les cellules NK qui expriment le récepteur inhibiteur KIR2DL1 
[268]. En effet, l’utilisation d’un tétramère HLA-Cw4 chargé avec ces peptides a 
démontré que SF9 était reconnu par les les cellules T cytotoxiques et que SL9 était 
mieux reconnu que SF9 par les cellules NK. La liaison de SF9 sur le récepteur 
KIR2DL1 a résulté sur l’inhibition des fonctions de ces cellules. Ainsi, ces données 
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démontrent que la variation au niveau de ce peptide de la gp120 correspondant au 
peptide SL9 permet d’échapper à la reconnaissance par les cellules T cytotoxiques en 
inhibant en parallèle l’activité des cellules NK, un phénomène que ces scientifiques ont 
appelé “double échappement”. 
Une étude récente utilisant une cohorte Sud-Africaine contenant des personnes adultes 
infectées et sans traitement a démontré que les patients virémiques ayant atteints un 
stade avancé de la maladie n’exprimaient pas le récepteur NKp46  à la surface de leurs 
cellules NK [269]. De plus, les fréquences des cellules NK exprimant les récepteurs 
KIR2DS1/KIR2DL1 étaient réduites chez ces patients. 
 
 
7- Dérégulation dans la production de cytokines lors de l’infection par 
le VIH-1 et le développement du SIDA 
 
La prolifération, la différenciation ainsi que les fonctions des cellules du système 
immunitaire sont contrôlées en partie par les cytokines, et particulièrement celles 
partageant la chaîne commune  au niveau de leur récepteur [71, 270].  
Lors de l’infection par le VIH-1 et le développement du SIDA, les défauts observés dans 
les fonctions, la maintenance, ainsi que la consistance des cellules du système 
immunitaire sont en large partie attribués à une production altérée des cytokines et/ou à 
un manque d’efficacité au niveau de leurs effets biologiques.  
En effet, la compréhension des mécanismes moléculaires responsables des perturbations 
du réseau cytokinique pourrait aider à fournir des nouvelles stratégies thérapeutiques 
pour le traitements des patients infectés afin de restaurer leur réponse immunitaire 
antivirale. De tels efforts sont nécessaires puisque le traitement anti-rétroviral ne permet 
pas d’éliminer totalement le VIH-1 du corps, possède des effets secondaires non 
négligeables, et ne restaure que partiellement le système immunitaire de l’hôte. 
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 7-1 L’interleukine-2 dans l’infection par le VIH-1 
  
 Il n’est toujours pas clair de nos jours si les niveaux sériques de l’IL-2 sont 
perturbés chez les patients infectés car plusieurs études se contredisent. La perturbation 
dans la production d’IL-2 ainsi que l’absence de son effet biologique chez les patients 
infectés par le VIH-1 ont été découvertent en 1984 [271]. Les premières études sur le 
sujet ont démontré que, bien avant la chute du taux de cellules T CD4+, les patients 
infectés et assymptomatiques pouvaient être stratifiés en deux groupes basés sur la 
fonction de leurs cellules Th lors d’essais in vitro. Ces fonctions correspondent à la 
capacité de leurs cellules à sécréter de l’IL-2 et à proliférer lors d’une activation par 
différents antigènes de rappel (influenza et toxine tétanique), des allo-antigènes 
(activation par un mélange de lymphocytes), ainsi que des agents mitogènes comme la 
phytohaemagglutinine (PHA) [272, 273]. Le traitement de patients virémiques avec des 
inhibiteurs de transcriptase inverse a permis d’augmenter le niveau d’expression de l’IL-
2R sur leurs cellules T CD8+ par rapport aux patients non traités [274]. Cependant, la 
réponse à l’IL-2, mesurée par la prolifération de ces cellules, n’a pas été améliorée.            
Les patients sous HAART ont aussi subi une augmentation du niveau d’expression de 
l’IL-2R sur leurs cellules T CD8+. Ces cellules ont de plus
acquis la capacité de répondre et de proliférer en présence d’IL-2. Le même 
comportement fut observé au niveau de leurs cellules T CD4+, bien que l’expression de 
l’IL-2R observée fut plus faible que celle présente au niveau de cellules T CD8+. Ceci 
suggère donc l’existance d’un blocage du signal médié par l’IL-2 chez les patients 
virémiques traités par des inhibiteurs de transcriptase inverse. 
En effet, les études qui ont suivi ont permis de montrer que les cellules T CD8+ de 
certains de ces patients virémiques non-traités étaient incapable d’activer STAT-5 en 
réponse à une stimulation par l’IL-2 [275]. Bien que la capacité de l’IL-2R à lier l’IL-2 
n’était pas altérée, une activation altérée de la kinase Jak3 en amont de STAT-5 fut 
observée. Les patients traités sous HAART pendant une période de six mois ont subi une 
restauration partielle de l’activation de leur voie Jak/STAT induite par l’IL-2. La 
capacité de l’IL-2 à activer les voies des MAP kinases et de la PI-3 kinase au niveau de 
leurs cellules T reste encore à être étudiée. 
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 7-2 L’interleukine-4 dans l’infection par le VIH-1 
 
Clerici et Shearer ont proposé originalement un modèle dans lequel les patients 
infectés par le VIH-1 développant le SIDA subissent un changement dans la production 
de cytokines de type Th1 vers le type Th2 [273, 276, 277]. Ceci est basé sur l’idée 
qu’une réponse cytokinique de type Th1 devrait avoir un effet protecteur contre 
l’infection alors que la production de cytokines de type Th2 devrait contribuer à la 
progression du SIDA. Cependant, des données contradictoires ont remis en question 
cette hypothèse [278-280]. Certains groupes ont observé une augmentation de la 
production d’IL-4, alors que d’autres une réduction de cette dernière lors de l’infection 
par le VIH-1 [273, 276, 278-280]. Des études ont en effet démontré que les patients 
possédant un taux de cellules T CD4+ < 400/μl ou >400/μl avaient respectivement une 
réduction et une augmentation de la sécrétion d’IL-4 lors d’une stimulation mitogénique 
in vitro [281]. Les études réalisées sur de multiples cohortes de patients séropositifs à 
des stades différents du SIDA ont suggéré que les patients considérés Long-Term Non-
Progressors (LTNP, étant infectés et non-traités depuis plus de 8 ans, sans symptômes et 
avec un taux de cellules T CD4+ normal) avaient un profil de production cytokinique de 
type Th1, alors que les patients progresseurs avaient un profil d’expression de type Th2 
[281-284]. Une augmentation dans les niveaux d’IgE a aussi été observée par différents 
groupes chez les patients infectés [283, 285-288]. Becker et al. ont proposé que le 
modèle de switch Th1 vers Th2 dans la production de cytokines chez les patients 
souffrant d’allergies s’appliquait aussi pour les patients infectés par le VIH-1 [289, 290]. 
Ce changement dans la production de cytokines pourrait créer des conditions non 
favorables à l’éradication du virus en empêchant la production de cytokines de type Th1, 
en inhibant la réponse CTL, et en causant une augmentation de l’expression du co-
récepteur CXCR4. Une augmentation de l’expression de CXCR4 pourrait augmenter la 
réplication du VIH-1 et la création de nouveaux variants [289, 291]. 
Au niveau du récepteur, quelques études ont identifié des SNP (Single Nucleotide 
Polymorphism) dans le gène codant pour le récepteur à l’IL4, et les ont associés à une 
progression du SIDA [292-294]. Il a été suggéré que certains de ces SNP, qui sont liés 
au manque de réponse après stimulation par l’IL-4, seraient associés à une baisse de la 
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progression de la maladie [293]. D’autres haplotypes communs dans l’exon 12 du 
récepteur, possiblement associés à une augmentation de la réponse médiée par l’IL-4, 
pourraient conférer une résistance à l’infection transmise de façon sexuelle alors qu’ils 
augmenteraient la transmission parentérale du virus [293]. Cependant d’autres études 
sont requises afin de confirmer ces observations. Aucune donnée à ce jour n’existe sur 
l’expression de l’IL-4R au niveau des cellules T concernant les différents groupes de 
patients infectés par le VIH-1. Cependant, des résultats récent suggèrent que les niveaux 
d’expression de l’IL-4R ne sont pas altérés chez les patients traités avec HAART, et les 
patients non traités par rapport aux contrôles. En effet, l’activation de STAT-6 en 
réponse à l’IL-4 n’est pas affectée tant au niveau des cellules T CD4+ et CD8+ chez ces 
patients [295]. 
 
 
 7-3 L’interleukine-7 dans l’infection par le VIH-1 
 
Les niveaux sériques de l’IL-7 augmentent lors de l’infection par le VIH-1. 
Napolitano et al. ont été les premiers à démontré cette augmentation et à l’associer à une 
haute charge virale à tous les stages de la maladie étudiés [296]. Ils ont de plus démontré 
que ces niveaux élevés étaient inversement corrélés avec les taux de cellules T CD4+. 
Des études subséquentes ont confimé cette augmentation et ont montré que les niveaux 
d’IL-7 corrélaient avec la baisse du récepteur à l’IL-7 (CD127) sur les cellules T CD8+ 
chez les patients infectés [297]. Ces niveaux élevés ont aussi été démontrés chez les 
patients au stade de la primo-infection [298, 299]. Une corrélation inverse entre les 
niveaux d’IL-7 plasmatiques et le taux de cellules T CD4+ a été observée seulement chez 
les patients au stade de l’infection chronique. De plus, le traitement anti-rétroviral 
(HAART) permet de normaliser de façon significative les niveaux d’IL-7 chez les 
patients en primo-infection, bien que ces niveaux restent élevés chez les patients 
chroniquement infectés [299]. Récemment, Albuquerque et al. ont observé une 
augmentation dans les niveaux d’IL-7, bien que retardée, lors de la chute progressive des 
cellules T CD4+ chez les patients infectés par le VIH-2 [300]. 
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Une des premières hypothèse émise était celle que les niveaux élevés d’IL-7 étaient dus 
à la déplétion des cellules T exprimant l’IL-7R dans la circulation des patients inféctés, 
créant ainsi des conditions ne permettant pas l’absorption des niveaux élevés constants 
d’IL-7 par ces dernières [296]. Cependant, il est plus probable que les niveaux d’IL-7 
soient augmentés à cause d’une réponse immune active, ceci étant due à un état de 
lymphopénie ressentie par les cellules stromales non lymphoïdes, qui sont les principales 
cellules productrices d’IL-7 [296].  
Les analyses histochimiques suggérent que l’IL-7 serait produite par les macrophages et 
des cellules de type cellules dendritiques dans les noeuds lymphatiques périphériques. 
L’augmentation dans la production de l’IL-7 a principalement lieu dans les tissus 
lymphatiques des patients infectés par le VIH-1 qui sont dépletés de leur lymphocytes 
[296]. Récemment, Fluur et al. ont montré que, contrairement aux patients non traités, 
les niveaux d’IL-7 sont significativement plus bas chez les LTNP [301]. De plus, les 
LTNP qui ont perdu leurs statut de non progresseur ont subi une augmentation 
concernant leurs niveaux d’IL-7 sériques. D’une manière générale, il semble donc que 
l’augmentation des niveaux d’IL-7 soit une réponse directe de l’organisme pour 
répondre et restaurer la quantité de cellules T pour éviter une lymphopénie. De ce fait, 
les patients qui sont capable de contrôler l’infection ne possède pas ce besoin et 
produisent donc des niveaux normaux d’IL-7 [301]. Cependant, ces niveaux élevés d’IL-
7 peuvent avoir des effets secondaires néfastes comme l’augmentation du niveau 
d’expression de Fas et l’apoptose que ce récepteur peut induire au niveau des cellules T 
[302-304]. L’expression de Fas est augmentée au niveau des cellules TCD4+ et CD8+ de 
macaques auxquels on a administré de l’IL-7 [302]. De plus, les niveaux d’IL-7 
plasmatiques de patients infectés par le VIH-1 corrèlent avec l’expression de Fas sur 
leurs cellules T naïves et mémoires ainsi qu’avec leur susceptibilité à l’apoptose induite 
par Fas ex vivo.  
Il est de nos jours bien établi que les niveaux d’expression de l’IL-7R sur les cellules 
TCD4+, et de façon plus évidente sur les cellules T CD8+, sont réduits chez les patients 
infectés par le VIH-1 [297, 299, 300, 305-310]. Cette baisse semble apparaître lors de la 
primo-infection ainsi qu’au stade chronique de la maladie [299]. Le traitement anti-
rétroviral (HAART) semble restaurer de façon partielle l’expression de ce récepteur 
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[305-307]. Certaines de ces études ont de plus démontré une corrélation inverse entre 
l’expression du récepteur et les quantités d’IL-7 plasmatiques, la charge virale, 
l’activation immune, et la susceptibilité à l’apoptose, alors qu’une corrélation positive a 
été trouvée avec les comptes de cellules T CD4+ des patients. Il a de plus été suggéré que 
les populations de cellules T CD8+ ayant une expression réduite de l’IL-7R 
correspondent à une expansion des cellules T effectrices/mémoires (TEM, CCR7-, 
CD62L-, CD45RA+/-) [307]. Contrairement aux cellules exprimant l’IL-7R, les cellules 
qui expriment faiblement ce récepteur produisent plus d’IFN-, moins d’IL-2, sont plus 
susceptible à la mort cellulaire induite par activation (AICD) et à une apoptose 
spontanée. Les cellules exprimant faiblement l’IL-7R prolifèrent peu ex vivo après une 
stimulation mitogénique. Elle semble déjà avoir subit une forte prolifération car elles 
expriment un haut niveau de Ki-67. Il a été suggéré que l’augmentation des cellules T 
CD8+IL-7R- lors de l’infection serait due à une stimulation antigénique plutôt qu’aux 
taux élevés d’IL-7 plasmatiques. Ces cellules contribueraient, bien qu’elles en soient 
aussi le résultat, à l’activation chronique de la réponse immune durant l’infection [307]. 
Des études ont montré que les cellules T CD8+IL-7R+ de patients infectés expriment des 
niveaux faibles du facteur de transcription GFI (Growth Factor Independence) par 
rapport aux cellules T CD8+IL-7R- [295]. Rethi et al. ont montré que les cellules T CD3+ 
de type mémoire possèdent une faible expression d’IL-7R qui est aussi associée à une 
baisse d’expression du CD28 [297]. Boutboul et al. ont aussi démontré que l’expression 
de l’IL-7R sur les cellules T CD8+ des patients infectés était inversement corrélée avec 
l’expression de perforine, et que les niveaux d’expression de l’IL-7R sur les différents 
sous-types des cellules T CD8+ spécifiques au VIH-1, à l’EBV (Epstein Barr Virus) et 
au HCMV (Human Cytomegalovirus) étaient équivalent [308]. 
Chez les patients infectés par le VIH-2, l’expression réduite de l’IL-7R semble plus 
apparaître au niveau des sous-types de cellules T CD4+ mémoires et ces niveaux 
semblent maintenus sur les cellules naïves [300]. Bien que le pourcentage de cellules 
positives pour l’IL-7R soit réduit dans tous leurs sous-types de cellules TCD8+, les 
patients infectés par le VIH-2 possèdent une meilleure préservation de l’expression de ce 
récepteur dans toutes les populations de cellules TCD8+ de type effectrices/mémoires 
par rapport aux patients infectés par le VIH-1. Ces différents effets ne semblent pas être 
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dus à une différence au niveau de l’état d’activation des cellules entre les différents type 
de patients. De plus, l’étude réalisée par Rethi et al. démontre que l’expression de l’IL-
7R reste faible sur les cellules T des patients infectés lors de culture ex vivo en absence 
d’IL-7 [297]. Ceci suggère que la baisse d’expression de l’IL-7R sur les cellules T 
pourrait être due à un mécanisme complexe et serait multi-factorielle. Faller et al. ont 
d’ailleurs démontré que la protéine Tat du VIH-1 était capable de sous-régulé 
l’expression de l’IL-7R à la surface des cellules T CD8+ primaires in vitro [311, 312]. 
Une baisse dans la capacité de réponse à l’IL-7 a de plus été observée chez les patients 
infectés par le VIH-1. Une étude cross-sectionelle sur les cellules T CD4+ et CD8+ de 
patients non traités et virémiques ainsi que sur des patients sous HAART démontre que 
les patients non traités ont une augmentation atténuée de l’expression de Bcl-2, CD25 et 
de l’activation de STAT-5 en réponse à l’IL-7 par rapport aux contrôles [295, 305]. Le 
traitement (HAART) a permis de restaurer de façon partielle l’augmentation de Bcl-2, 
l’activation de STAT-5 au niveau des deux types cellulaires, alors que l’expression de 
CD25 a été restaurée de façon significative seulement sur les cellules T CD4+. La 
prolifération des PBMC en réponse à l’IL-7 était réduite chez les patients virémiques par 
rapport aux patients non infectés, et la prolifération était partiellement restaurée chez les 
patients traités. De plus, le traitement avec l’IL-7 de cellules T exprimant faiblement 
l’IL-7R a permis d’augmenter de façon réduite la survie de ces cellules par rapport au 
cellules de personnes non infectées [297]. Une autre étude a démontré que, la corrélation 
positive entre l’expression de l’IL-7R et l’augmentation IL-7-dépendante de Bcl-2 et 
CD25 dans les cellules T CD4+ observable chez les patients non infectés, était perdue 
chez les patients virémiques et traités [313]. Ceci suggère que l’expression réduite de 
l’IL-7R n’est pas le seul phénomène entraînant une absence du rôle joué par l’IL-7 et 
que ce défaut de réponse peut persister chez les patients traités. Cependant, Vassena et 
al. ont démontré que l’IL-7 était tout de même toujours capable de réduire l’apoptose 
spontanée des cellules T de patients infectés lors de cultures ex vivo, et que cet effet de 
survie était inversement corrélé avec les taux de cellules T CD4+ circulantes [314]. 
Une étude a évaluée l’activation des STAT par l’IL-7 dans des cellules T CD8+ 
exprimant des niveaux faibles et élevés d’IL-7R chez des patients chroniquement 
infectés [295]. Leurs résultats démontrent que l’IL-7 n’arrive pas à activer STAT-5 dans 
86  
la majorité des cellules T CD8+ de patients. Ce manque de stimulation corrèle avec la 
réduction de l’ARNm codant pour l’IL-7R et son expression en surface. Les cellules 
exprimant de faible niveaux d’IL-7 semblent être capable de recruter la réponse médiée 
par les STAT en réponse à l’IL-2, l’IL-4, l’IL-10 et l’IL-15. Il semble que le facteur de 
croissance indépendent GFI-1 réprime la transcription de l’IL-7R dans ces cellules 
[295]. 
Récemment, une étude menée par Crawley et al. a démontré que la forme soluble de 
l’IL-7R (CD127 soluble) inhibe la signalisation et l’activité biologique de l’IL-7 [315]. 
La prolifération cellulaire médiée par l’IL-7 ainsi que son activité anti-apoptotique ont 
donc été inhibées. Il semble que ce CD127 soluble soit présent dans les sérums de 
patients infectés par le VIH-1 et inhibe de façon plus importante l’activité de l’IL-7 que 
le CD127 soluble recombinant [315]. Ceci pourrait donc expliquer en partie le manque 
d’efficacité de l’IL-7 chez les patients infectés. 
   
 
7-4 L’interleukine-10 dans l’infection par le VIH-1 
 
L’interleukine-10 joue un rôle critique dans l’équilibre entre l’immunopathologie 
et la réponse immunitaire protectrice lors d’infection par différents pathogènes [316, 
317]. L’IL-10 est une cytokine pléïotropique qui est produite par de multiples 
populations cellulaires et qui possède différents effets sur les cellules de types 
hématopoïétiques [317]. L’IL-10 peut jouer un rôle activateur aussi bien qu’immuno-
suppresseur sur les cellules du système immunitaire [318]. La capacité de l’IL-10 à 
inhiber la production de cytokines par les cellules T ou les cellules NK semble être 
indirect en altérant la fonction des monocytes et des macrophages [319]. Ces études 
indiquent qu’un équilibre finement réglé entre les mécanismes pro-inflammatoires et 
l’effet immunosuppresseur médié par l’IL-10 est critique pour obtenir une éradication 
totale des agents pathogènes sans endommager l’hôte infecté.  
Des niveaux élevés d’IL-10 (protéine et ARNm) ont été observés dans différentes 
maladies infectieuses chroniques chez l’homme comme la leishmaniose, la lèpre et la 
tuberculose [317]. Le fait même que l’EBV et le HCMV soient capable de produire des 
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protéines analogues à l’IL-10 suggère que l’IL-10 peut faciliter la persistence de ces 
virus chez l’homme [320, 321]. Lors de l’infection chronique par le VIH-1, la 
concentration d’IL-10 plasmatique augmente avec le temps. Une étude réalisée sur 51 
patients infectés a démontré que les différents groupes de patients étudiés avaient des 
niveaux élevés d’IL-10 sériques par rapport aux personnes non infectées [322]. Les 
niveaux les plus élevés ont été observés chez les patients ayant atteint le stade du SIDA 
et particulièrement ceux souffrant d’infection complexe par Mycobacterium avium. Sur 
les 32 patients suivis longitudinalement, les patients progressant dans la maladie étaient 
ceux ayant des niveaux élevés d’IL-10 sériques par rapport aux patients qui ne 
progréssaient pas vers le stade SIDA, pour qui les niveaux d’IL-10 étaient stables. Bien 
que l’IL-10 et le TNF- augmentent chez les patients progresseurs, le ratio IL-10/TNF- 
était bas chez ces patients, ce qui suggère un déséquilibre entre ces deux cytokines 
[322]. Leurs études ont aussi démontré que les patients sous HAART subissent une 
baisse partielle mais significative des concentrations d’IL-10 sériques. Les recherches 
menées par Clerici et al. ont été les premières à démontrer que les PBMC de patients 
infectés qui sont stimulés par des mitogènes produisaient plus d’IL-10 que les PBMC de 
patients sains [323]. De plus, le fait de bloquer l’effet biologique de l’IL-10 par un 
anticorps neutralisant augmente la réponse proliférative des cellules T spécifiques à 
l’enveloppe du VIH-1. D’autre études démontrent que l’inhibition de l’IL-10 restaure la 
réponse proliférative des cellules T spécifiques à l’enveloppe du VIH-1 chez des patients 
ayant des taux de cellules T CD4+ préservés, ce qui n’est pas le cas pour des patients qui 
sont à un stade avancé de l’infection [324]. De plus, leur niveau élevé d’IL-10 corrèle 
avec un stade avancé de la maladie. Ces données suggèrent donc un rôle pathogénique 
de l’IL-10 dans l’infection par le VIH-1. 
La protéine virale Tat affecte le système immunitaire de l’hôte en influencant la 
production de cytokines comme l’IL-10. Une étude a démontré que Tat induit 
l’expression de l’IL-10 dans des monocytes de patients non infectés par le VIH-1 [325]. 
Leurs résultats démontrent que Tat induit un signal calcique qui régule l’expression de 
l’IL-10 dans ces cellules. La calmoduline, la protéine kinase-II dépendante de la 
calmoduline (CaMK-II) ainsi que la MAP kinase p38 vont augmenter la sécrétion d’IL-
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10 dans les monocytes. Les protéines p38 et CaMK II vont permettre l’activation des 
facteurs de transcriptions CREB-1 et Sp-1, permettant ainsi l’expression de l’IL-10. 
 
 
7-5 L’interleukine-12 dans l’infection par le VIH-1 
 
L’interleukine-12 joue un rôle critique dans la réponse immune dirigée contre le 
VIH-1. Elle possède un rôle clef permettant la prolifération et la production d’IFN- par 
les cellules T et les cellules NK, influence la présentation antigénique, et régule la 
fonction des macrophages et des cellules dendritiques [326]. En régulant l’activité 
cytotoxique des cellules T et des cellules NK, l’IL-12 joue un rôle primordial dans la 
réponse antivirale, qui est reconnue pour être affaiblie et non fonctionnelle chez les 
patients infectés par le VIH-1. Les études sur l’expression de l’IL-12 chez ces patients 
sont assez contreversées. Une étude a démontré que les patients infectés possèdent des 
niveaux sériques élevés d’IL-12p40, d’IL-12p70 et d’IFN- par rapport aux patients non 
infectés [327]. Cependant, les niveaux d’IFN- et d’IL-12 ne semblent pas varier selon 
la progression vers l’immunodéficience. De plus, leur étude réalisée sur la sécrétion 
d’IL-12 par les PBMC de ces patients n’a pas mis en évidence un défaut dans 
l’expression d’IL-12. 
Plusieurs autres études ont montré que les PBMC de patients infectés par le VIH-1 
produisent faiblement de l’IL-12, notamment en réponse à l’infection par 
Staphylococcus aureus Cowan [328]. Lors d’une autre étude, des scientifiques ont 
stimulé des PBMC de patients infectés par le VIH-1 avec différents stimuli 
correspondant à des agents pathogènes avec ou sans traitement par de l’IFN- ou de l’IL-
4, qui sont des cytokines reconnues pour activer la production d’IL-12. Les auteurs ont 
observé une réduction de l’ARNm codant pour les sous-unités p40 et p35 de l’IL-12 qui 
ont engendré une faible sécrétion d’IL-12 par les cellules de patients infectés [329].  Les 
PBMC de ces patients étaient aussi incapable d’augmenter l’expression de la chaîne 2 
de l’IL-12R en réponse à une stimulation mitogénique. Cependant, l’expression de l’IL-
12R2 a été restaurée après traitement de ces cellules avec l’IL-12. Il est donc possible 
qu’un défaut primaire dans la production d’IL-12 conduise à une déficience dans 
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l’expression de l’IL-12R2 et de l’IFN-, ce qui amplifie la déficience du système 
immunitaire chez les patients infectés. De plus, une étude a montré que le défaut dans la 
production d’IL-12 n’est pas due à l’hyperproduction d’IL-10, une cytokine reconnue 
pour agir de façon négative sur la production d’IL-12. Le défaut serait directement lié à 
une capacité réduite des monocytes à produire cette cytokine comme ceci a été observé 
lors d’infections in vitro [330].  
Une étude a démontré que la production de l’IL-12p40 était réduite dans les noeuds 
lymphatiques de macaques infectés par le VIS par rapport aux macaques infectés avec 
un virus mutant délété pour la protéine virale Nef (VISmac239Δnef) [331]. Ceci suggère 
un rôle clef de cette protéine virale dans la régulation de l’IL-12 lors de l’infection. 
Récemment, une étude a démontré que l’expression intracellulaire de Nef dans des 
monocytes primaires ainsi que dans la lignée pro-monocytique THP-1 résulte sur 
l’inhibition de la production d’IL-12p40 lors d’une stimulation avec du LPS [332]. Il 
semble que Nef inhibe la transcription de l’IL-12 en inhibant l’activation des kinases 
JNK sans affecter le signal calcique lors d’une stimulation avec du LPS. Cette inhibition 
de JNK conduit à l’inhibition du facteur de transcription NFκB sans affecter l’activité 
d’AP-1.  
Il semble de même que la gp120 et les protéines Tat et Vpr du VIH-1 inhibent la 
production de l’IL-12 au niveau des monocytes ou des PBMC totaux par des 
mécanismes directs ou indirects [333-335].  
L’importance de cette cytokine dans la mise en place et la régulation de la réponse 
antivirale rend donc sa déficience comme l’une des raisons majeures de 
l’immunodéficience associée à l’infection par le VIH-1 et au développement du SIDA. 
 
 
7-6 L’interleukine-15 dans l’infection par le VIH-1 
 
 Les niveaux sériques d’IL-15 ne semblent pas être affectés lors de la primo-
infection [298]. Cependant, des résultats contradictoires concernant les concentrations 
sériques d’IL-15 ont été obtenus lors de l’étude de patients chroniquement infectés. 
Kacani et al. ont montré une augmentation significative des niveaux d’IL-15 par rapport 
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aux personnes non infectées et aucune différence n’a été observée entre les différemts 
groupes de patients infectés [336]. Cependant, lors de cette étude, les concentrations 
d’IL-15 sériques corrèlaient avec les niveaux d’immunoglobines sériques de type IgG. 
D’autres études ont démontré que les niveaux d’IL-15 sériques étaient diminués chez les 
patients infectés [337]. Les PBMC de ces patients avaient une faible activité de leurs 
cellules NK et une faible production d’IL-15 en réponse à l’infection par le Herpes 
Simplex Virus-1 (HSV-1) [337, 338]. De plus, les patients avec des hauts taux de cellules 
T CD4+ avaient une meilleure capacité à produire l’IL-15 lors d’une infection par le 
HSV-1 par rapport aux patients avec des faibles taux de cellules T CD4+. Le même 
résultat a été observé lors de la stimulation de PBMC provenant de patients avec la 
souche A du Staphylococcus aureus [339]. Les résultats obtenus par d’Ettore et al. 
semblent être consistant à ces études. En effet, la stimulation de PBMC provenant de 
patients non traités ou de patients qui ne répondent pas au traitement avec du LPS et 
Mycobacterium avium n’a pas augmenté la production d’IL-15 [340]. Les PBMC de 
patients qui répondent au HAART ont quant à eux répondu à la stimulation en 
produisant de l’IL-15 à un niveau comparable à ceux des donneurs sains. 
Il a été suggéré que les réponses spécifiques au VIH-1 médiées par les LTC sont 
fonctionnellement réduites et phénotypiquement immatures par rapport à celles dirigées 
contre le HCMV ou l’EBV chez les même patients infectés [341, 342]. Brenchley et al. 
ont fournit l’évidence d’une incapacité des LTC spécifiques au VIH-1 à proliférer lors 
d’une stimulation antigénique. Cette incapacité étant en corrélation inverse avec 
l’expression de CD57 [343]. De plus, cette incapacité de prolifération ne pouvait pas être 
restaurer par un traitement avec l’IL-2 ou l’IL-15. Cependant, il a été démontré que les 
LTC spécifiques au VIH-1 répondent à l’IL-15 ex vivo lors d’une culture prolongée in 
vitro [344]. L’IL-15 inhibe l’apoptose spontanée ainsi que celle médiée par Fas, 
augmente la survie des LTC spécifiques au VIH-1 en culture tout en induisant leur 
activation, augmente la production d’IFN- et leur activité cytotoxique. La stimulation 
par l’IL-15 augmente de manière générale les fonctions effectrices des LTC et confère 
une protection à l’apoptose médiée par Fas sur les cellules T CD8+ de type 
effectrices/mémoires ainsi que les cellules T CD4+ des patients infectés [345]. La 
capacité des monocytes à produire de l’IL-8 et la chimiokine MCP-1 en réponse à l’IL-
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15 est affaiblie chez les patients non-traités et ceux ayant échoué au traitement 
(HAART) par rapport aux personnes non infectées et aux patients qui répondent au 
traitement [340]. 
L’ARNm codant pour l’IL-15R a été détécté à de faible niveaux dans les cellules T de 
poumon ainsi que dans les macrophages alvéolaires de patients infectés et 
symptomatiques [346]. Il a aussi été suggéré que l’expression de l’ARNm codant pour 
l’IL-15R est augmenté dans les PBMC de patients infectés par le VIH-1 et l’EBV lors de 
la phase aigüe de l’infection par rapport aux contrôles non infectés [347]. L’expression 
en surface de l’IL-15R est indétéctable au niveau des PBMC au repos de personnes non 
infectées mais le devient après stimulation par de la PHA [348]. De manière similaire, 
les cellules T périphériques (CD4+ et CD8+) expriment de faible voire d’indétéctable  
niveaux d’IL-15R bien que l’activation de STAT-5 (médiée par l’IL-15) par l’IL-2R et 
la c soit comparable entre les patients non traités, les patients sous HAART, et les 
personnes non infectées [295]. De plus, Pahwa et al. ont récemment démontré que 
l’expression de l’IL-15R était faible au niveau des sous-types de cellules T CD8+ et que 
cette expression ne semble pas différer entre les personnes saines et les patients 
pédiatriques infectés par le VIH-1 [349]. La prolifération de ces cellules T CD8+ en 
réponse à l’IL-15 ne sembe pas être affectée chez ces patients. 
  
 
7-7 Le TGF- dans l’infection par le VIH-1 
 
Le Transforming Growth Factor-beta (TGF-) est une cytokine pléïotropique 
ayant des effets multiples sur différentes cellules du système immunitaire. Plusieurs 
évidences suggèrent que cette cytokine est impliquée dans la pathogénèse lors de 
l’infection par le VIH-1. Des études ont permis de mettre en relation l’expression de 
cette cytokine et la progression de l’infection. Une étude réalisée sur 66 patients 
correspondant à différents stages de l’infection a démontré que les concentrations 
sériques du TGF- étaient significativement augmentées chez les patients infectés par 
rapport aux donneurs sains [350]. Une corrélation négative a été observée entre les 
concentrations de TGF- et les taux de cellules T CD4+ et CD8+. De plus, les patients se 
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situant dans la phase symptomatique de l’infection ont présenté des niveaux 
plasmatiques de TGF- qui étaient deux fois plus élevés par rapport aux patients situés 
dans la phase asymptomatique ainsi que les patients non infectés. Plusieurs études 
démontrent aussi la relation entre les niveaux de TGF- et l’avancement de l’infection, 
qui est d’autant plus observable dans les stades avancés de la maladie [350, 351].  
Des études ont été menées sur le rôle du TGF- dans la perte de fonction des cellules 
immunitaires chez les patients infectés par le VIH-1. Elles montrent que le TGF- peut 
être détecté à la surface des cellules dendritiques de patients infectés par le VIH-1. Le 
fait de bloquer l’activité biologique du TGF- situé à la membrane des cellules 
dendritiques lors d’une co-culture avec des cellules T autologues restaure les fonctions 
stimulatrices des cellules T nécessaires pour médier une réponse immunitaire efficace 
[351]. L’effet suppresseur de cette cytokine semble donc jouer un rôle clef dans la 
pathogénèse associée au VIH-1. 
 
 
 7-8 Le traitement anti-rétroviral (HAART) et la thérapie par les cytokines 
 
Le traitement anti-rétroviral est très efficace pour augmenter les taux de cellules 
T CD4+ et baisser la charge virale afin d’augmenter la survie des patients infectés par le 
VIH-1 [55]. Cependant, il est de nos jours reconnu que ce traitement n’est pas capable 
de supprimer de façon complète la réplication du VIH-1 ou d’éliminer totalement le 
virus présent dans l’organisme [352, 353]. De plus, il existe un véritable problème de 
résistance au traitement et la restauration du système immunitaire des patients traités 
reste partielle [354]. Chez certains de ces patients ayant reçu un traitement prolongé, le 
taux de cellules T CD4+ n’arrive pas à augmenter malgré un contrôle de la réplication du 
virus, ce qui les rend plus susceptible aux infections opportunistes. Sachant que les 
cytokines de type c ont un effet positif sur la croissance, la différenciation et la survie 
des cellules T, leur utilisation thérapeutique en parallèle avec le traitement anti-rétroviral 
pourrait permettre une meilleure reconstitution immunitaire chez ces patients. Une étude 
récente menée par Stacey et al. a permis la caractérisation de la réponse immunitaire et 
spécialement la production de plusieurs facteurs solubles au niveau de la phase aigüe de 
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l’infection par le VIH-1 [355]. L’augmentation de la virémie a été associée à une 
augmentation transiente d’IFN- et d’IL-15, une grande augmentation d’IP-10 
(Inhibitory Protein-10) et une augmentation rapide et constante de TNF- et de MCP-1 
(Monocyte Chemotactic Protein-1). Une augmentation lente d’IL-6, d’IL-18, d’IL-18 et 
d’IFN- et une augmentation tardive des niveaux d’IL-10. Ces augmentations rapides et 
intenses dans la production de cytokines lors de la phase aigüe jouent donc sûrement un 
rôle dans l’activation de la réponse immunitaire et la réplication virale ainsi que sur 
l’immunopathologie associée au VIH-1. Ces données confirment donc une production 
non coordonnée des cytokines et chimiokines très tôt au cours de l’infection et relancent 
l’élaboration de stratégies thérapeutiques ciblant ces facteurs solubles lors de l’infection 
par le VIH-1.  
La première cytokine à avoir été considérée dans ce type de traitement a été l’IL-
2 [356]. Beaucoup d’études ont démontré son effet positif sur la restauration des taux de 
cellules T CD4+ [357]. L’analyse de différentes études cliniques indépendantes démontre 
que l’IL-2 associée au HAART augmente le taux de ces cellules par rapport aux groupes 
de patients qui ont seulement reçu le HAART. De même, les patients qui ont reçu de 
l’IL-2 ont aussi subi une baisse significative de leur virémie [358]. Une autre étude 
démontre que l’IL-2 est aussi capable d’augmenter l’expression de Bcl-2 ainsi que la 
réponse immune mediée par cette cytokine. Cet effet est de plus corrélé avec une 
réduction dans la susceptibilité à l’apoptose [359-361]. Une étude clinique a démontré 
que les patients (avec un stade modéré de l’infection) sous HAART qui ont reçu de l’IL-
2 possèdent une augmentation significative de cellules T CD4+ naïves, mémoires et 
effectrices, ainsi que moins de symptômes classiques normalement présent chez les 
patients sidéens par rapport aux patients seulement sous HAART [362]. Les effets de 
l’IL-2 chez des patients sans HAART ont aussi été étudiés au niveau clinique. Les 
résultats démontrent que l’administration intermitente sous-cutanée d’IL-2 est bien 
tolérée et augmente significativement le taux de cellules T CD4+ sans augmenter la 
charge virale des patients [363]. Cependant, l’utilisation clinique de l’IL-2 est associée à 
une toxicité, particulièrement lorsqu’elle est administrée à haute doses par voie 
intraveineuse Son utilisation conduit à des problèmes respiratoires aigües et de 
l’hypotension associée à des syndrômes de fuite vasculaire [364, 365]. Des données 
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récentes concernant le rôle critique de l’IL-2 dans le contrôle de la production des 
cellules Trég remet en question les implications cliniques de l’IL-2. L’utilisation de l’IL-
2 peut augmenter le nombre de ces cellules Trég, entraînant ainsi une diminution des 
réponses effectrices antivirales. D’un autre point de vue, l’IL-2 pourrait permettre de 
balancer, via les Trég, les réponses médiées par les cellules T CD4+ et CD8+ pour 
prévenir de l’auto-immunité et restaurer un équilibre au niveau du système immunitaire 
antiviral. Le traitement des patients avec l’IL-2 résulte en fait sur une perturbation de 
l’homéostasie des cellules T CD4+ malgré une augmentation du nombre de cellules T 
CD4+ naïves et mémoires. Ceci pourrait être due à l’expansion clonale des cellules T 
CD4+/CD25+ (représentant des cellules Trég) observée dans ces conditions 
expérimentales [366-368]. Une étude intéréssante a démontré que la déplétion des 
cellules Trég à partir de PBMC de patients augmente la production de cytokines au 
niveau des cellules T CD4+ et CD8+ spécifiques au VIH-1 [369-371]. 
Du à son effet important sur l’homéostasie des cellules T, l’IL-7 a été considérée 
comme un candidat thérapeutique pour reconstituer le système immunitaire des patients 
et restaurer les taux de cellules T CD4+ naïves et mémoires chez les patients infectés. 
Une étude clinique utilisant l’IL-7 chez des patients atteints de mélanomes métastatiques 
et de sarcomes métastatiques ont montré une expansion des cellules T CD4+ et CD8+ 
accompagnée par une baisse des cellules Trég [372]. Cette étude démontre aussi que 
l’IL-7 est bien tolérée chez tous les patients testés et n’est pas toxique pour l’organisme. 
Des études cliniques de phase I impliquant l’administration de l’IL-7 à des patients 
infectés par le VIH-1 sont en cours [373]. Les patients infectés et traités par HAART 
tolèrent l’IL-7 et exhibent une augmentation significative des taux de cellules T CD4+ et 
CD8+ sans aucune augmentation de leur charge virale après 52 semaines de traitement. 
Les récents essais cliniques ont montré que sur un temps court, l’administration de l’IL-
7 résulte sur une expansion préférentielle des cellules T CD4+ et CD8+ naïves et 
mémoires avec une nette tendance dans l’augmentation des cellules T CD8+. Ainsi, une 
expansion dans le pool de cellules T circulantes ayant un répertoire diversifié a été 
observée [374]. 
Les essais réalisés pour tester la toxicité de ce traitement montrent que le traitement est 
potentiellement réalisable. L’administration sous-cutanée d’une seule dose d’IL-7 
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recombinante (3 μg/kg) est bien tolérée et la dose maximum tolérée est de 30 μg/kg 
[375, 376]. Les effets secondaires remarquables ont été une réaction au site de 
l’administration ainsi qu’une activité hépatique élevée. Une augmentation transitoire de 
la virémie a été observée sur 6 des 11 patients traités. L’IL-7 a induit la prolifération des 
cellules T CD4+ et CD8+ et a conduit à une sous-régulation de l’IL-7R sur les deux types 
cellulaires. L’injection d'IL-7 a augmenté le nombre circulant de cellules T CD4+ et 
CD8+ de phénotype mémoire centrale. La fréquence des cellules T CD4+ de phénotype 
CD25high IL-7Rlow n’a pas changé après l’injection d’IL-7 [377].   
Lors d’une autre étude clinique de phase I/IIa [373], l’efficacité et la toxicité de l’IL-7 
ont été évaluées sur 13 patients traités par traitement anti-rétroviral (non virémiques) 
ayant des taux de cellules T CD4+ entre 100 et 400 cellules/μl. Les patients ont reçu 8 
injections sous-cutanées de deux différentes doses d’IL-7 (3 ou 10 μg/kg) trois fois par 
jour sur une période de 16 jours. L’IL-7 semble avoir été bien tolérée chez ces patients 
en induisant une augmentation dans le nombre de cellules T CD4+ et CD8+ naïves et de 
phénotype mémoire centrale. Dans le groupe traité avec la haute dose d’IL-7, une 
augmentation transitoire de la réplication virale a été observée. Les essais fonctionnels 
ont démontré que les cellules T qui ont proliféré répondent à une stimulation antigénique 
spécifique au VIH-1 en produisant de l’IFN- et de l’IL-2. Chez les patients 
lymphopéniques, la thérapie avec l’IL-7 a induit des changements fonctionnels 
quantifiables au niveau de leurs cellules T pendant 48 semaines. 
L’IL-15 semble aussi représenter un candidat potentiel prometteur pour ces 
patients en raison de ses effets importants sur la réponse immunitaire innée et acquise 
[378]. Plusieurs études encourageantes ont démontré que l’IL-15 est moins toxique que 
l’IL-2 au niveau du développement des syndrômes de fuite vasculaire et semble plus 
efficace que cette dernière quant à son rôle dans la réponse antivirale [379]. De même, 
l’administration in vivo d’IL-15 exogène a permis de protéger des souris contre une 
infection par HSV-2 reconnue pour être léthale normalement [380]. L’IL-15 a permis 
d’augmenter l’expansion des cellules NK et des cellules T CD8+ après l’infection par ce 
virus. Jusqu’à présent, l’administration de l’IL-15 chez les patients infectés est évaluée 
en tant qu’adjuvant vaccinal dans différentes études. 
96  
8- Contexte de l’étude 
 
Les patients séropositifs pour le VIH-1 vont développer de façon variable le 
SIDA. Bien que l’on comprenne de mieux en mieux le développement de la maladie et 
la pathogenèse associée à l’infection par le VIH-1, aucun traitement vraiment efficace 
n’est encore disponible. Les drogues modernes dirigées contre le VIH-1 ne permettent 
que de retarder la mortalité chez les patients et les projets permettant l’utilisation d’un 
vaccin anti-VIH ne sont malheureusement pas prometteurs.  
 
Beaucoup de questions et de recherches ont été entreprises concernant la réponse 
immune antivirale adaptative chez les patients infectés par le VIH-1 et développant un 
SIDA, qu’elle soit de type cellulaire ou humoral. Cependant, moins d’attention a été 
portée à la compréhension de la réponse immunitaire innée contre cet agent pathogène. 
L’importance de l’immunité innée dans la protection de l’hôte ainsi que son rôle clé 
dans l’induction et le développement d’une immunité cellulaire adaptative dirigée de 
façon spécifique contre ce virus représente un domaine d’étude très faiblement exploré 
et qui est seulement en train d’émerger. Par conséquent, nous avons un besoin certain de 
mieux comprendre la réponse immune innée établie et développée chez les patients 
infectés par le VIH-1.  
 
Il est bien reconnu de nos jours que lors de l’infection par le VIH-1, la production de 
cytokines ainsi que leur effets biologiques sur les différentes composantes du système 
immunitaire sont fortement déréglés (voir chapitre 7). Lors de ma thèse de doctorat, je 
me suis intéréssé pricipalement à deux cytokines qui sont l’interleukine-18 et 
l’interleukine-21.  
 
Sachant que ces deux cytokines jouent un rôle majeur aussi bien dans la réponse 
antivirale permettant de contrôler l’infection, que dans l’immunopathogenèse associée à 
l’infection par le VIH-1 et le développement du SIDA, nous nous sommes intéréssés à la 
régulation et à l’effet biologique de ces deux facteurs chez les patients infectés par le 
VIH-1. 
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9- Hypothèses émisent lors de l’étude 
 
Avant le début de mon doctorat, absolument aucune information n’était 
disponible concernant la régulation de l’IL-21 lors de l’infection par le VIH-1. Sachant 
que l’IL-21 est principalement produite par les lymphocytes T CD4+ activés, qui sont 
aussi la cible du VIH-1, l’étude de cette cytokine nous semblait donc particulièrement 
relevante. Concernant l’interleukine-18, le laboratoire d’accueil dans lequel j’ai réalisé 
ces travaux avait auparavant travaillé sur cette cytokine et démontré que les 
concentrations sériques de cette dernière étaient anormalement élevés chez les patients 
infectés par le VIH-1. Sachant que ces deux cytokines jouent un rôle majeur dans la 
réponse antivirale et que leur production ainsi que leurs effets biologiques semblaient 
être perturbés, nous avons étudié ces deux cytokines de façon parallèle. 
 
9-1 Hypothèses concernant l’interleukine-21 
 
Nous émettons donc l’hypothèse que la production d’IL-21 est compromise chez les 
patients infectés par le VIH-1, ceci étant dû à l’infection même et à la déplétion quasi-
totale des cellules T CD4+. Cette déficience pourrait causer un défaut dans la maturation 
et la fonctionnalité des cellules effectrices du système immunitaire chez les patients 
infectés. De plus, nous émettons l’hypothèse que la présence d’IL-21 exogène pourrait 
restaurer les capacités fonctionnelles de ces cellules. 
 
9-2 Hypothèses concernant l’interleukine-18 
 
Danc cette partie de l’étude, nous avons émis l’hypothèse que les niveaux élevés 
d’interleukine-18 pouvaient avoir un effet considérable sur l’homéostasie et la 
fonctionnalité des cellules Natural Killer chez les patients infectés par le VIH-1. Nous 
avons de plus émis l’hypothèse qu’un déséquilibre entre l’IL-18 et son antagoniste 
naturel, l’IL-18 binding protein (IL-18BP) pouvait exister chez ces patients. Ce 
déséquilibre pourrait avoir des conséquences néfastes sur la réplication du VIH-1 et 
l’immunopathogenèse associée au SIDA. 
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10- Objectifs de l’étude 
 
Concernant les travaux qui ont porté sur l’interleukine-18, les objectifs du projet de 
recherche étaient de savoir : 
 
1. Comment l’IL-18 et son antagoniste naturel l’IL-18BP sont régulées chez les patients 
infectés par le VIH-1. 
 
2. Quel est l’impact des niveaux élevés de l’IL-18 sur l’homéostasie et la fonctionnalité 
des cellules NK chez les patients infectés par le VIH-1. 
 
3. Quel est l’impact de la dérégulation de cette cytokine (et de son antagoniste) sur la 
réplication du VIH-1 et sur l’immnunopathogénèse associée à l’infection par le VIH-
1 et au SIDA. 
 
 
Concernant les travaux qui ont porté sur l’interleukine-21, les objectifs du projet de 
recherche étaient de savoir : 
 
1. Comment l’IL-21 est régulée chez les patients infectés par le VIH-1. 
 
2. Comment l’infection par le VIH-1 affecte la production d’IL-21 in vitro et quels sont 
les mécanismes moléculaires entrant en jeu. 
 
3. Comment l’IL-21 affecte la réplication du VIH-1 dans les cellules du système 
immunitaire humain. 
 
4. Si l’IL-21 exogène pourrait restaurer les fonctions effectrices des cellules du système 
immunitaire chez les patients infectés par le VIH-1 comme les cellules Natural Killer 
ou les cellules T CD8+ cytotoxiques. 
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11- Résultats concernant les études sur l’IL-18 
 
 11-1 Effet de l’IL-18 sur l’homéostasie des cellules NK lors de l’infection 
 
 Les résultats obtenus lors de cette étude concernant le rôle de l’IL-18 sur 
l’homéostasie des cellules Natural Killer chez les patients infectés par le VIH-1 sont 
présentés sous le format d’un article de recherche. Cet article a été soumis à un 
processus de révision par les pairs avant sa publication. 
Article 6 : Iannello A, Samarani S, Debbeche O, Ahmad R, Boulassel MR, Tremblay 
C, Toma E, Routy JP and Ahmad A. Potential role of IL-18 in the immunopathogenesis 
of AIDS: involvement in fratricidal killing of NK cells. 2009. Journal of Virology 
83(12): 5999-6010. 
 
Résumé : Plusieurs études ont démontré que les concentrations circulantes d’IL-18 
étaient élevées chez les patients infectés par le VIH-1 par rapport aux personnes non 
infectées. Lors de cette étude, nous avons investigué les conséquences de ces niveaux 
élevés d’IL-18 sur l’homéostasie des cellules Natural Killer chez ces patients. Nous 
avons observé une corrélation inverse entre les niveaux d’IL-18 et le nombre des 
différents sous-types de cellules NK chez les patients infectés par le VIH-1. Nous avons 
démontré que le traitement des cellules NK avec de l’IL-18 recombinante, lors de 
microculture in vitro, augmente la mort des cellules NK primaires et de la lignée 
cellulaire NK92. Cette mort fratricide est dépendante de l’interaction entre les protéines 
Fas/FasL et de la sécrétion de TNF-α. Nous avons montré que l’IL-18 augmente la 
sécrétion de TNF-, induit l’expression de FasL sur les cellules NK et augmente la 
transcription du gène codant pour la protéine FasL. De plus, l’IL-18 réduit l’expression 
de la protéine anti-apoptotique Bcl-XL dans les cellules NK, ce qui augmente la 
sensibilité de ces dernières à un stimuli apoptotique médié par la voie Fas/FasL. 
L’ensemble de ces données suggèrent donc que les haut niveaux d’IL-18 circulantes 
présents chez les patients infectés contribuent à l’immunopathogénèse associée au SIDA 
en atérant l’homéostasie des cellules NK. 
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We had shown earlier that the concentrations of circulating interleukin-18 (IL-18) are increased signiﬁ-
cantly in human immunodeﬁciency virus (HIV)-infected persons compared to HIV-seronegative healthy sub-
jects. In the present study, we investigated the consequences of these elevated levels of IL-18 on natural killer
(NK) cells and the immunopathogenesis of AIDS. We show here an inverse correlation between IL-18 con-
centrations and absolute numbers of various subsets of NK cells in infected persons. Recombinant human
IL-18 caused increased death of a human NK cell line, as well as of primary human NK cells in vitro. The
IL-18-mediated cell death was dependent upon Fas-FasL interactions and tumor necrosis factor alpha. IL-18
induced the expression of FasL on NK cells, increased the transcription from the human FasL promoter,
reduced the expression of Bcl-XL in NK cells, and increased their sensitivity to FasL-mediated cell death. These
results suggest that increased IL-18 concentrations present in the circulation of HIV-infected persons con-
tribute to the immunopathogenesis of AIDS by altering NK cell homeostasis.
Interleukin-18 (IL-18), originally named as the gamma in-
terferon (IFN-)-inducing factor, is a multifunctional and
pleiotropic cytokine with proinﬂammatory properties (24, 25,
27; reviewed in reference 10). The cytokine is a member of the
IL-1 family and is produced mainly by monocytes, macro-
phages, dendritic cells, keratinocytes, enterocytes, Kupffer
cells, adrenal cortex, adipose tissues, and neurohypophysis in
the human body. The cells and tissues constitutively produce
IL-18 and enhance its production in response to stress, infec-
tion, lipopolysaccharide, cold, and stimulation via Toll-like re-
ceptors. Since IL-18 induces production of IFN- from T and
natural killer (NK) cells, it was regarded as a cytokine that
promotes Th1 type immune responses. However, the cytokine
promotes Th2 type responses in the absence of IL-12 by in-
ducing production of IL-4 from mast cells and eosinophils.
Therefore, depending upon the context, the cytokine can pro-
mote both Th1 and Th2 type immune responses (reviewed in
references 26 and 37). IL-18 exerts its biological effects by
binding with a unique receptor called IL-18 receptor (IL-18R),
which is a heterodimer of  and  chains, both of which carry
Toll–IL-1 receptor domains in their intracytoplasmic regions.
Given that IL-18 is a proinﬂammatory cytokine, it is not sur-
prising that increased concentrations of this cytokine have
been reported in many chronic inﬂammatory conditions in
humans, e.g., rheumatoid arthritis, multiple sclerosis, Crohn’s
disease, graft-versus-host disease, atherosclerosis, etc. (10).
Human immunodeﬁciency virus type 1 (HIV-1) is the etio-
logical agent of AIDS in humans. The infections with this virus
are usually accompanied by changes in the production of sev-
eral immunologically important cytokines, e.g., IL-15, tumor
necrosis factor alpha (TNF-), IL-4, IL-12, IL-10, transform-
ing growth factor 1, etc. (1, 5, 8; reviewed in references 7, 16,
and 20). These cytokine disturbances play an important role in
the immunopathogenesis of AIDS in HIV-infected persons.
Concerning IL-18, we and others have demonstrated increased
concentrations of this cytokine in HIV-infected persons (3, 30,
33; see reference 32 for a review). The simian immunodeﬁ-
ciency virus (SIV), which is a close cousin of HIV-1, also
induces IL-18 production in rhesus monkeys (12).
NK cells constitute an important cellular component of in-
nate immunity. Not only do they kill virus-infected cells, they
also kill these cells via antibody-dependent cell-mediated cy-
totoxicity (4, 16). Activated NK cells have been associated with
protection from HIV infection, as well as with delaying its
progression toward AIDS. However, NK cell functions become
compromised in HIV-infected AIDS patients. Furthermore,
the absolute numbers and percentages of various NK cell sub-
sets are decreased overtime in these patients (reviewed in
references 11 and 15). It has been demonstrated that increased
serum concentrations of IL-18 correlate inversely with NK cell
numbers in the patients suffering from chronic inﬂammatory
conditions (22, 29). In the present study, we sought to deter-
mine whether such a correlation also existed between the se-
rum concentrations of this cytokine and NK cell numbers in
HIV-infected individuals. We show here a signiﬁcant inverse
correlation between IL-18 serum concentrations and NK cell
numbers in HIV-infected AIDS patients. We also provide ex-
* Corresponding author. Mailing address: Laboratory of Innate Immu-
nity, CHU-Sainte-Justine Research Center/Department of Microbiology
and Immunology, University of Montreal, 3175 Chemin de la Coˆte Sainte
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perimental evidence to show that IL-18 causes fratricidal cell
death in human NK cells by inducing increased expression of
FasL and TNF- from these cells. The cytokine increases tran-
scriptional activity of the human FasL gene promoter. Our
study unravels the molecular mechanism underlying the in-
verse correlation between IL-18 levels and NK cell numbers
and functions observed in chronic inﬂammatory conditions.
Collectively, our studies demonstrate how increased IL-18 con-
centrations may be contributing to the immunopathogenesis of
AIDS in HIV-infected persons by compromising NK cell re-
sponses.
MATERIALS AND METHODS
Cell culture. All cells used in the present study were cultured at 37°C in 5%
CO2 humidiﬁed atmosphere. An IL-2-dependent NK cell line, NK92, was used in
the present study. The cell line was established from a patient with rapidly
progressing non-Hodgkin’s lymphoma (ATCC; catalogue no. CRL-2407). NK92
cells were maintained in -MEM (Gibco, Burlington, Ontario, Canada) contain-
ing 12.5% fetal calf serum (FCS), 12.5% horse serum, 2 mM L-glutamate, 100 g
of penicillin/ml, and 100 g of streptomycin/ml (all from Life Technologies,
Burlington, Ontario, Canada) and supplemented with 100 U of IL-2 (Roche,
Mississauga, Ontario, Canada)/ml. The erythroleukemia cell line K562 was main-
tained in the RPMI 1640 culture medium (Gibco) supplemented with 10% FCS,
2 mM L-glutamate, 100 g of penicillin/ml, and 100 g of streptomycin/ml
(hereafter referred to as culture medium). These cells are frequently used as
target cells in measuring NK cell-mediated cytotoxicity by human peripheral
blood mononuclear cells (PBMC). The PBMC were obtained from the periph-
eral blood from HIV-infected AIDS patients and HIV-seronegative healthy
subjects. For this purpose, blood was collected in heparinized vacuum tubes, and
PBMC were isolated by centrifugation over Ficoll-Hypaque (Pharmacia, Mon-
treal, Quebec, Canada) as described earlier (3). The buffy coat at the interface of
Ficoll-Hypaque and plasma was collected, washed, and resuspended in RPM1
1640 medium containing 10% FCS, 2 mM L-glutamate, 100 g of penicillin/ml,
and 100 g of streptomycin/ml as described previously (3).
Antibodies and recombinant cytokines. The antibodies used in the present
study were purchased: mouse anti-human FasL from BD Biosciences (Missis-
sauga, Ontario, Canada); phycoerythrin (PE)-conjugated mouse anti-human
FasL, mouse anti-human TNF-, and its ﬂuorescein isothiocyanate (FITC)-
conjugated version from eBioscience (San Diego, CA); rabbit anti-human
Bcl-XL from Cell Signaling Technology (Boston, MA); mouse anti-human Bcl-2
from Calbiochem (San Diego, CA); mouse anti-human GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) from Ambion (Austin, TX); and allophyco-
cyanin (APC)- or PE-conjugated mouse anti-human CD3, APC-conjugated
mouse anti-CD56, FITC-conjugated mouse anti-human CD16 and PE-conju-
gated mouse anti-human TRAIL, and isotype-matched antibodies from Bioleg-
end (San Diego, CA). The recombinant human IL-18 used for the present study
was purchased from MBL (Woburn, MA).
Patients and sera collection. Twenty-six HIV-infected viremic AIDS patients
and an equal number of age-matched HIV-seronegative healthy subjects were
recruited for the present study. The study was approved by the Institutional
Ethics Committee. Peripheral blood samples were obtained from the study
participants after we obtained their written informed consent. All of the patients
had one or more AIDS-deﬁning conditions and were receiving highly active
antiretroviral therapy that comprised at least one protease inhibitor (saquinavir,
ritonavir, or indinavir) and one or two reverse transcriptase inhibitors (stavudine,
lamivudine, zidovudine, or didanosine). Detailed clinical and virological param-
eters of the patients are shown in Table 1. Serum was obtained from each blood
sample after it was allowed to clot at room temperature for 2 to 3 h. Each serum
sample was divided into aliquots and stored at 80°C until used.
Measuring cytokine concentrations. The concentrations of IL-18 were deter-
mined in serum samples by using commercial enzyme-linked immunosorbent
assay (ELISA) kits from Bender Medsystems (Burlingame, CA). The detection
limit for the kit was 12 pg/ml. Soluble TNF- in the culture supernatants was
measured by a commercial ELISA kit (eBioscience, San Diego, CA) with min-
imum detection limit of 4 pg/ml.
NK cell microcultures. For NK cell microculture experiments, 105 NK92 or
primary NK cells were resuspended in 200 l of the culture medium containing
5 U of IL-2/ml in triplicate in the wells of a round-bottom 96-well plate. NK cells
were obtained from PBMC by negative selection using a kit from Stem Cell
Technology (Vancouver, British Columbia, Canada). Recombinant human IL-18
was added to the microcultures at different concentrations with or without
different neutralizing antibodies (described for each experiment individually). At
different time points, the cells were washed with phosphate-buffered saline (PBS;
pH 7.2) and were analyzed for different parameters.
Western blotting. The expression of different proteins was analyzed by West-
ern blotting as described in our earlier publications (3). Brieﬂy, 5  106 NK cells
were incubated in the culture medium with or without treatment as detailed in
individual experiments. At different time points after the incubation, the cells
were washed with PBS and lysed in a lysis buffer containing Tris-HCl (pH 6.8; 50
mM), sodium dodecyl sulfate (SDS; 2%), leupeptin (1 mg/ml), phenylmethylsul-
fonyl ﬂuoride (1 mM), and pepstatin (1 mg/ml). The lysates were clariﬁed by
centrifugation at 14,000  g for 15 min. Protein concentrations were determined
in the lysates by using a commercial kit (Pierce, Inc., Nepean, Ontario, Canada).
Portions (40 g) of the lysate proteins were mixed with 2 SDS-polyacrylamide
gel electrophoresis sample loading buffer containing 1 mM dithiothreitol, boiled,
run on SDS–12% polyacrylamide gel electrophoresis gels, and electroblotted
onto polyvinylidene diﬂuoride membranes (Immobilon-P; Millipore, Ontario,
Canada). After blockage of the membranes in 1% casein for 2 h at room
temperature, they were incubated on a shaker with human protein-speciﬁc an-
tibodies generated in mice, i.e., anti-FasL, anti-Bcl-XL, anti-Bcl-2, or anti-
GAPDH, at 4°C overnight. The protein bands were revealed by autoradiography
by using biotinylated goat anti-mouse antibodies and a commercial chemilumi-
nescent kit (Vectastain ABC-AmP; Vector Laboratories, Burlington, CA). Indi-
vidual bands on the X-ray ﬁlms were quantiﬁed by densitometry.
Flow cytometry. For immunostaining, 106 cells were incubated with ﬂuoro-
chrome-conjugated antibodies for 30 min on ice and washed three times with
PBS containing 0.05% bovine serum albumin and 0.002% sodium azide. The
washed cells were resuspended in 2% paraformaldehyde and analyzed by ﬂow
cytometry using FACSCalibur (BD Biosciences).
Determination of NK cell cytotoxicity. NK cell cytotoxicity was determined
with a standard 51Cr-release assay as described in our earlier publications (2, 4).
Brieﬂy, 104 51Cr-labeled K562 cells were dispended in 100 l of the culture
medium in triplicate in the wells of a V-bottom 96-well plate. Then, 2  105
PBMC obtained from HIV-infected/AIDS patients were added in 100 l of the
culture medium to each well. This gave a target-to-effector cell ratio of 1:20. The
microcultures were incubated for 16 h at 37°C in a humidiﬁed 5% CO2 atmo-
TABLE 1. Characteristics of 26 patients in this study
Patient CD4 (no. ofcells/l)a
Viral load
(log10)b
Clinical
stagec Duration
d
1 334 2.70 C2 4Y
2 172 3.59 C3 3Y
3 497 2.70 C1 ND
4 297 3.47 C2 4Y 6M
5 187 4.65 C1 5Y 7M
6 190 2.70 C3 ND
7 254 4.18 C3 ND
8 242 3.80 C1 6Y
9 299 2.70 B1 6Y
10 16 4.55 C3 3Y
11 165 2.70 C1 ND
12 476 2.70 B2 8Y 8M
13 119 3.29 C1 ND
14 171 4.79 C3 4Y
15 746 2.80 C1 ND
16 26 3.80 C3 4Y
17 578 4.11 C1 3Y
18 164 2.80 C1 3Y
19 489 3.20 C1 5Y
20 519 2.70 C1 5Y
21 299 4.54 C2 6Y
22 176 2.70 C1 6Y
23 55 4.76 C1 ND
24 38 5.34 C3 3Y
25 72 3.58 C3 3Y
26 643 2.80 C1 ND
a Mean  standard error, 278  203; median, 216; range, 16 to 746.
b Mean  standard error, 3.53  0.85; median, 3.38; range, 2.70 to 5.34.
c The clinical stages are as described in reference 19.
d Y, year(s); M, month(s); ND, not determined.
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FIG. 1. Correlations of serum IL-18 levels with NK cell numbers and cytotoxicity. IL-18 concentrations in the sera of 26 HIV-infected persons
were measured by a commercial ELISA kit, and the absolute numbers of different NK cells subsets present in their peripheral blood after gating
on the viable lymphocyte population were determined by ﬂow cytometry. (A) Representative ﬂow cytometry data showing the gates used to identify
the three different subsets of NK cells. The panel on the right shows results for CD3 CD16 CD56 NK cells. (B to D) Pearson correlations
between serum concentrations of IL-18 and their absolute numbers of CD3 CD56 (B), CD56 CD16 (C), and CD3 CD16 (D) NK cells.
The two parameters showed a statistically signiﬁcant negative correlations (P  0.04; r  0.40 for panel B), (P  0.006; r  0.52 for panel C)
and (P  0.008; r  0.52 for panel D). (E) Spontaneous NK cell activities of freshly isolated PBMC from these patients against K562 cells in
a standard 51Cr-release assay. The serum IL-18 concentrations were plotted against NK cell-mediated cytotoxicities of the PBMC from HIV/AIDS
patients. A bimodal effect of the serum IL-18 concentrations on NK cell-mediated cytotoxicities is evident.
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sphere, after which 100 l of the culture supernatants were collected from each
well. The radioactivity released into these supernatants was counted by an au-
tomatic gamma counter (Clini Gamma; LKB Wallac, Finland). The percentage
lysis of the target cells was determined as described earlier (2).
Detection of cell death. Dead cells were counted in microcultures by trypan
blue exclusion. Apoptotic cells were detected by annexin V and propidium iodide
(PI) staining using a commercial kit (BD Biosciences). Brieﬂy, 105 cells were
washed in PBS and resuspended in 100 l of 1 annexin V binding buffer. Cells
were then stained with 5 l of FITC-conjugated annexin V and 5 l of PI for 15
min at room temperature in the dark. Cells were then diluted with 400 l of 1
binding buffer and analyzed within 1 h after staining by ﬂow cytometry using
FACSCalibur (BD Biosciences).
Transfection and FasL reporter gene assay. Five million NK92 cells were
transfected with a human FasL promoter-reporter gene construct. The construct
(511FasL pGL-3) contains a 511-bp region upstream the FasL gene start codon
fused with the ﬁreﬂy luciferase gene in the plasmid pGL-3 basic (Promega) as
described previously (23). The construct (5 g of the DNA) was transfected
transiently into the cells by using an Amaxa transfection system according to the
accompanying protocol (Amaxa, Gaithersburg, MD). The transfected cells were
divided into two equal aliquots at 12 h posttransfection. The cells were incubated
in the culture medium for another 12 h with or without the addition of rhIL-18.
The cells were washed and processed for luminescence detection using a lucif-
erase reporter assay kit (Promega). The luminescence was analyzed by using a
Mithras LB940 instrument (Berthold Technologies, Germany).
Statistical analysis. Group means were compared using Student t test and
correlation between two parameters were determined by Pearson correlations
using the software Prism (GraphPad, San Diego, CA). The multivariate analysis
using partial Pearson correlations were determined with the software SPSS
(SPSS, Inc., Chicago, IL). Differences and correlations were deemed signiﬁcant
at P  0.05.
RESULTS
Levels of circulating IL-18 inversely correlate with NK cell
numbers. Increased IL-18 concentrations in the sera of pa-
tients suffering from chronic inﬂammatory conditions have
been shown to be associated with loss of NK cell numbers and
functionality (10, 22, 29). It is noteworthy that decreased NK
cell numbers, as well as their decreased functionality, have
been reported in HIV-infected AIDS patients. In order to
determine whether increases in serum IL-18 levels were also
associated with NK cell number and/or their cytolytic potential
in HIV-infected persons, we measured IL-18 in the sera of
HIV-infected persons by a commercial ELISA kit as described
above and determined the absolute numbers of CD3 CD56,
CD3 CD16, and CD56 CD16 NK cells present in their
peripheral blood by ﬂow cytometry. The staining and gating of
the different NK cell subsets is shown in Fig. 1A. Furthermore,
we measured spontaneous NK cell activities of freshly isolated
PBMC of these patients against K562 cells in 51Cr-release
assays as detailed in Materials and Methods. As shown in Fig.
1B to D, serum concentrations of IL-18 correlated negatively
with absolute numbers of CD3 CD56 (P 0.04; r0.40),
CD3 CD16 (P 0.008; r0.52), and CD16 CD56 NK
cells (P  0.006; r  0.52). We determined whether the
inverse correlation observed between IL-18 concentrations and
NK cell numbers was inﬂuenced by viral loads of the patients.
For this purpose, we performed a multivariate analysis be-
tween these three factors. Partial Pearson correlations were
determined between IL-18 levels and NK cell numbers in con-
trolling for viral loads. As shown in Table 2, the relationship
between IL-18 concentrations and NK cell numbers in our
cohort was independent of viral load.
Interestingly, the cytokine concentrations did not show a
signiﬁcant correlation with NK cell cytotoxicity. However,
when we plotted the serum IL-18 concentrations against NK
cell-mediated cytotoxicities of the PBMC, a bimodal effect of
the cytokine was observed on the cytotoxic activities of the
PBMC obtained from the patients (Fig. 1E). These data also
suggest that at higher concentrations, IL-18 causes decreased
NK cell-mediated cytotoxicity of the PBMC in HIV-infected
patients. Collectively, these results show that, similar to other
chronic inﬂammatory diseases, increased serum IL-18 concen-
trations are associated with diminished NK cell numbers. The
ﬁndings also suggest that NK cell cytotoxic activities also start
TABLE 2. Multivariate analysis between NK cell absolute numbers, IL-18 concentrations, and patient viral loads
Control variable Analysisa
Correlation between:
CD3– CD56 NK cells
and IL-18 concn
CD56 CD16 NK cells
and IL-18 concn
CD56 CD16 NK cells
and IL-18 concn
NK cells IL-18 Viral load NK cells IL-18 Viral load NK cells IL-18 Viral load
None
NK cell no. Correlation 1.000 –0.404 –0.070 1.000 –0.523 –0.012 1.000 –0.507 –0.0169
Signiﬁcance 0.041 0.734 0.006 0.955 0.008 0.408
df 0 24 24 0 24 24 0 24 24
IL-18 concn Correlation –0.404 1.000 –0.036 –0.523 1.000 –0.036 –0.507 1.000 –0.036
Signiﬁcance 0.041 0.863 0.006 0.863 0.008 0.863
df 24 0 24 24 0 24 24 0 24
Viral load Correlation –0.070 –0.036 1.000 –0.012 –0.036 1.000 –0.0169 –0.036 1.000
Signiﬁcance 0.734 0.863 0.955 0.863 0.408 0.863
df 24 24 0 24 24 0 24 24 0
Viral load
NK cell no. Correlation 1,000 –0.407 1.000 –0.524 1.000 –0.521
Signiﬁcance 0.043 0.007 0.008
df 0 23 0 23 0 23
IL-18 concn Correlation –0.407 1.000 –0.524 1.000 –0.521 1.000
Signiﬁcance 0.043 0.007 0.008
df 23 0 23 0 23 0
a df, Degree of freedom. Signiﬁcance refers to bilateral signiﬁcance. Correlations are Pearson correlations.
6002 IANNELLO ET AL. J. VIROL.
 at U
N
IV
 D
E
 M
O
N
TR
E
A
L on A
pril 26, 2010 
jvi.asm
.org
D
ow
nloaded from
 
declining progressively as the cytokine concentration increases
beyond 400 pg/ml.
IL-18 treatment induces fratricidal killing of NK cells. In
order to investigate the molecular mechanism(s) involved in
this IL-18-mediated NK cell loss, we cultured the NK cell line
NK92 in the presence of various concentrations of recombi-
nant human IL-18. It is noteworthy that NK92 cells are in
phase III clinical trials as therapeutic tools of cell therapy for
different human disease conditions (6, 31). Using the trypan
blue exclusion assay, we found that addition of the rhIL-18
resulted in signiﬁcant death of NK cells compared to the cells
cultured in the absence of the cytokine. These experiments
were repeated several times. The results of a representative
experiment are shown in Fig. 2A. Remarkably, the death was
dose dependent. Since 10 ng of the cytokine/ml gave consis-
tently more than 50% cell death (Fig. 2A and data not shown),
we used this concentration in subsequent experiments. In or-
der to determine whether the IL-18-mediated cell death was
due to apoptosis, we stained the cells with FITC-conjugated
annexin V and PI and analyzed them by ﬂow cytometry. Again,
the results of a representative of three experiments are shown
in Fig. 2C. The culture of NK92 cells in the presence of rhIL-18
induced their increased binding to FITC-annexin V, which was
reduced by an anti-FasL antibody.
In order to determine the molecular mechanism(s) under-
lying this IL-18-mediated apoptosis of NK cells, we performed
experiments to determine whether this occurred via Fas/FasL,
TNF-/FR, and/or the TRAIL (TNF-related apoptosis-in-
ducing ligand) pathways. For this purpose, we added anti-FasL
antibodies, TNF- neutralizing antibodies, and anti-TRAIL
antagonist antibodies to NK92 cell cultures and determined
their effects on the IL-18-mediated cell death. In these exper-
FIG. 2. IL-18 induces cell death in NK cells. (A) NK92 cells were cultured for 24 h with or without increasing concentrations of rhIL-18. The
IL-18-mediated cell death was measured using a trypan blue exclusion assay. (B) NK92 cells were cultured for 24 h with or without rhIL-18 at a
concentration of 10 ng/ml. Simultaneously, FasL-, TNF--, or TRAIL-neutralizing antibodies were added to the wells. (C) IL-18-mediated cell
death was measured by using a trypan blue exclusion assay, as well as by staining with FITC-conjugated annexin V and PI.
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iments, anti-FasL and anti-TNF- antibodies signiﬁcantly and
consistently reduced apoptosis in the IL-18-added cultures
compared to control antibodies. The results from a typical
experiment are shown in Fig. 2B and C. Note a reduction by
anti-FasL and anti-TNF- to 20 and 25%;, respectively, versus
80% with control antibodies). Simultaneous addition of the
anti-FasL and anti-TNF- antibodies only slightly enhanced
effect in the reduction of apoptosis (15% versus 20 and 25%).
These results suggest that Fas-FasL and TNF-–TNFR inter-
actions were involved in the IL-18-mediated cell death in NK
cell cultures. No reduction in the NK cells apoptosis was seen
when anti-TRAIL antibodies were added in the NK cell cul-
tures in the presence of rhIL-18 (data not shown). These re-
sults suggest that IL-18-mediated NK cell death does not in-
volve TRAIL. This conclusion is further supported by the fact
that NK92 cells do not express TRAIL and IL-18 does not
induce its expression on these cells (data not shown).
IL-18 induces cell surface expression of FasL on NK cells.
Since IL-18-mediated cell death involved Fas-FasL interac-
tions, we sought to determine whether this cytokine induced
expression of Fas and/or FasL on NK92 cells. For this purpose,
we determined the expression of FasL by ﬂow cytometry on
NK92 cells after their cultures for 20 h with or without IL-18.
In repeated experiments, we found that this NK cell line ex-
presses little FasL on the cell surface constitutively and that
IL-18 induces its expression on the cell surface (Fig. 3A). We
also veriﬁed this increased expression of FasL by Western
blots. As shown in Fig. 3B, the cell line expresses FasL consti-
tutively intracellularly and rhIL-18 increases this expression
after 20 h of treatment. Since FasL is known to be cleaved by
certain metalloproteases into culture supernatants of FasL-
expressing cells (18), we sought to determine whether IL-18-
treated NK92 cells were secreting FasL in the culture media.
For this purpose, we used a commercial ELISA kit to measure
soluble FasL (sFasL) in the culture supernatants of these cells.
No sFasL could be detected in the supernatants of NK92 cells
cultured in the presence or absence of rIL-18 (data not shown).
This result supports our unpublished data that the superna-
tants taken from IL-18-treated cells do not cause the death of
NK92 cells. We next wanted to know whether IL-18 was in-
ducing the expression of FasL at the gene expression level. For
this purpose, we used a human IL-18 promoter-reporter gene
construct as described in Materials and Methods. We trans-
fected the construct into NK92 cells and determined the effect
of IL-18 on the reporter gene expression. Our data (Fig. 3C)
show that the FasL promoter activity is signiﬁcantly increased
in IL-18-treated cells compared to control untreated cells
(12,850  650 versus 7,250  510 relative luciferase activity,
respectively; P 0.01). These data suggest that IL-18 increases
FasL gene expression in NK92 cells.
IL-18-rich sera from AIDS patients induces cell death and
FasL expression in NK92 cells. In an attempt to reproduce the
FIG. 3. IL-18 induces cell surface expression of FasL in NK cells. (A) NK92 cells were cultured for 20 h with or without rhIL-18 (10 ng/ml),
stained for the surface-expressed FasL, and analyzed by ﬂow cytometry. The black histogram show the signal obtained with the isotype-matched
control antibody. (B) Cell lysates from NK92 cells cultured in medium (lane 1) or medium supplemented with 10 ng of rhIL-18/ml (lane 2) for 20 h
were analyzed by Western blotting with a monoclonal anti-FasL antibody. (C) NK92 cells were transfected with the IL-18 promoter-ﬁreﬂy
luciferase reporter gene construct. Twelve hours later, the transfected cells were divided into aliquots, followed by incubation in culture medium
for another 12 h with or without the addition of rhIL-18. The expression of the reporter gene (luminescence) was measured in arbitrary units as
described in Materials and Methods. Consistently similar results were obtained with three different transfections. Promoter-luc and Basic-luc
represent positive and negative controls, respectively. The bars labeled Medium and IL-18 refer to the activity with the vector 511FasL pGL-3.
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in vivo observation that increased IL-18 concentrations in the
sera are associated with decreased NK cell numbers in AIDS
patients under in vitro conditions, we incubated NK92 cells in
sera from AIDS patients and control subjects. These sera had
been previously tested for their IL-18 contents. In repeated
experiments, we found that only the sera containing more than
500 pg of the cytokine/ml caused signiﬁcant cell death (P 
0.001). The results from four representative sera are shown in
Fig. 4A. The sera containing less than this concentration of the
cytokine, irrespective of the fact whether they were from
healthy or HIV-infected persons, did not cause signiﬁcant cell
death (data not shown). The addition of anti-IL-18 neutraliz-
ing antibodies in these cultures reduced cell death to the level
of control sera. Furthermore, treatment of NK92 cells with
these IL-18-rich sera induced the cell surface expression of
FasL compared to sera from control subjects, and the presence
of neutralizing anti-IL-18 antibodies in the culture abrogated
the cell surface expression of FasL (Fig. 4B). Due to limited
amounts of the sera containing more than 500 pg of IL-18/ml,
the experiments were conducted with two samples. Taken to-
gether, these results conﬁrm our earlier data obtained with the
recombinant human IL-18.
IL-18 induces TNF- in the culture supernatants of NK92
cells. Since anti-TNF- antibodies inhibited IL-18-mediated
cell death in NK92 cells, we determined whether IL-18 induced
the secretion of TNF- from these cells. For this purpose, we
measured the concentration of TNF- in the culture superna-
tants of the NK cells with or without treatment with IL-18.
Figure 5 shows results from one of the two independent ex-
periments. NK92 secreted low levels of this cytokine, and IL-18
treatment signiﬁcantly (P  0.0001) increased the amount of
its secretion.
IL-18 enhances susceptibility of NK92 cells to Fas/FasL-
mediated apoptosis by downregulating Bcl-XL expression. The
supernatants from IL-18-treated cells were unable to induce
cell death when added to NK92 cell cultures despite containing
increased amounts of TNF-. This suggested that IL-18 may
not only kill NK92 cells by increasing the expression of FasL
and TNF- but also have increased the sensitivity of these cells
to death-inducing stimuli. To investigate this possibility, we
treated these cells with rhIL-18 for 12 h, washed them with the
culture medium, and incubated them with equal amounts of
anti-Fas agonist antibody. As shown in the Fig. 6A, the anti-
Fas agonist causes more cell death in IL-18-treated NK92 cells
than in cells that were not treated with the cytokine (P 
0.0343). These results are representative of three independent
experiments. It is noteworthy that NK92 cells constitutively
express Fas on their surface and rhIL-18 does not cause sig-
niﬁcant changes in the expression of this antigen in these cells
(our unpublished data). Therefore, we used the same amount
FIG. 4. Effect of IL-18-rich sera from AIDS patients on NK92 cells
(A) NK92 cells were incubated for 24 h with medium only (M) or with
IL-18-rich sera from AIDS patients (P1 and P2) and control donors
(D1 and D2). These sera had been previously tested for their IL-18
contents (570 and 900 pg/ml for patients 1 and 2, respectively, and 73
and 63 pg/ml for donors 1 and 2, respectively). Simultaneously, neu-
tralizing anti-IL-18 antibodies or control antibodies (mouse immuno-
globulin G1) were added to the wells. After 24 h, the IL-18-mediated
cell death was measured by counting dead cells using a trypan blue
exclusion assay. (B) NK92 cells were incubated as described in panel A
and stained for their surface expression of FasL by ﬂow cytometry. Col
Abody, control antibodies.
FIG. 5. IL-18 induces TNF- in the culture supernatants of NK92
cells. NK92 cells were incubated for 24 h with increasing concentra-
tions (0.1, 1, 10, and 100 ng/ml) of rhIL-18. After 24 h, the concentra-
tions of TNF- in the culture supernatants were measured by a com-
mercial ELISA kit.
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of anti-Fas agonist antibody in these experiments to provide
equal degrees of death-inducing stimuli. The results could be
interpreted by assuming that IL-18 enhances the susceptibility
of these cells to Fas/FasL-mediated cell death. The IL-18-
induced susceptibility depended upon the dose of IL-18 used:
the higher the dose, the more susceptible the cells become. We
reasoned that one way of increasing this susceptibility could be
by modulating the expression of one or more apoptosis-regu-
lating proteins belonging to the Bcl-2 family in the IL-18-
treated cells. In order to determine whether IL-18 treatment
modulated the expression of any of these proteins, we per-
formed Western blots for Bcl-2 and Bcl-XL on IL-18-treated
and untreated NK92 cells. In repeated experiments, the cyto-
kine downregulated the expression of Bcl-XL, but not of Bcl-2,
in this cell line. The data from a representative experiment are
shown in shown in Fig. 6B.
Recombinant human IL-18-induced changes in NK92 cells
are recapitulated in primary human NK cells. Finally, we
wanted to know whether IL-18-mediated cell death in NK92
cells also occurs in primary human NK cells. For this purpose,
we isolated NK cells from the peripheral blood of three donors
and incubated them in the culture medium with different con-
centrations of rhIL-18. As shown in Fig. 7A, IL-18 also caused
increased cell death in these cells in a dose-dependent manner
(P  0.0001). Furthermore, the death was prevented by both
FasL and TNF- neutralizing antibodies (Fig. 7B and C). In
separate experiments, we determined the effects of the cyto-
kine treatment on the expression of Fas and FasL on freshly
isolated human NK cells. As shown in Fig. 8, the primary
human NK cells, like NK92 cells, expressed little FasL on their
surface, and IL-18 treatment induced this expression (Fig. 8A).
Furthermore, the cells constitutively expressed Fas on their
surface, and the cytokine treatment did not affect this expres-
sion in any signiﬁcant manner (Fig. 8B). We also investigated
whether IL-18 increased the susceptibility of primary NK cells
to Fas-mediated apoptosis. For this purpose, we treated NK
cells with IL-18 (10 ng/ml) from two different donors for 12 h
separately and then added equal amounts of anti-Fas agonist
antibodies. As shown in the Fig. 9A, the Fas agonistic antibod-
ies caused signiﬁcantly more (P  0.05) death in IL-18-pre-
treated cells than in mock-treated cells in both donors. These
data suggest that IL-18 also increases the susceptibility of pri-
mary human NK cells to Fas/FasL-induced death. Finally, we
investigated the effects of IL-18 on the expression of Bcl-2 and
Bcl-XL in primary human NK cells taken from two different
donors. As shown in Fig. 9B, IL-18 treatment caused a de-
creased expression of Bcl-XL, but not of Bcl-2, in primary
human NK cells. Collectively, these results demonstrate that
recombinant human IL-18-induced changes in the NK92 cell
line are recapitulated in primary human NK cells.
DISCUSSION
Our results show that, like other chronic inﬂammatory dis-
ease conditions (22, 29), there exists a negative correlation
between NK cell numbers and the levels of the circulating
IL-18 in HIV-infected persons. All major subsets of NK cells—
i.e., CD3 CD16, CD3 CD56, and CD16 CD56 NK
cells—showed almost equally strong inverse correlations with
serum IL-18 levels in these patients. These data suggest that
IL-18 is implicated in the loss of NK cell numbers in HIV-
infected persons (see below), and all of these subsets of NK
cells are equally susceptible to this adverse effect of this cyto-
kine. Our results also shed light on the molecular mechanism
involved in the IL-18-mediated loss of NK cells. Using an
established human NK cell line, as well as primary human NK
cells, we demonstrate that IL-18 induces fratricidal cell death
in NK cells via two mechanisms: by inducing the expression of
FasL and by increasing the production of TNF- from NK
cells. Our unpublished data show that NK92 cells, as well as
freshly isolated primary human NK cells, constitutively express
Fas on the cell surface, and IL-18 treatment does not increase
Fas expression on these cells. However, the cytokine induces
expression of FasL on the cell surface and TNF- production
from these cells. The two molecules induce cell death in NK
cell cultures. Despite an increase in the expression of FasL, we
were not able to detect soluble FasL from the NK cell super-
natants cultured in the presence of rhIL-18. Furthermore,
FIG. 6. IL-18 enhances susceptibility of NK92 cells to Fas/FasL-mediated apoptosis. (A) NK92 cells were cultured with the medium (lane A)
or with the medium supplemented with 10 ng of rhIL-18/ml (lane B) for 12 h, washed, and incubated for another 12 h with 1 g of anti-Fas agonistic
antibody/ml. The dead cells were counted by using a trypan blue exclusion assay. The results are representative of two independent experiments.
(B) Cell lysates from NK92 cells cultured in medium alone (lane 1) or in medium supplemented with 10 ng of rhIL-18/ml (lane 2) for 24 h were
analyzed by Western blotting with anti-Bcl-2 monoclonal antibody and Bcl-XL. A decrease in the expression of the latter protein in the
IL-18-treated cell lysates is quite noticeable. The results are representative of three independent experiments.
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these supernatants were not able to induce cell death when
added to NK cell cultures (our unpublished data). We also
noted that rhIL-18 caused an increase in the sensitivity of NK
cells to apoptotic stimuli by decreasing the expression of the
antiapoptotic protein, Bcl-XL, in both NK92 and human NK
cells. This may explain why the supernatants from the NK cells
cultured in the presence of rhIL-18 (which are supposed to
contain TNF-) were not able to induce apoptosis of NK cells.
A decreased expression of this antiapoptotic protein in rhIL-
18-treated cells may be crucial for their apoptosis via FasL. To
the best of our knowledge, this is the ﬁrst report implicating
IL-18 in causing the downregulation of an antiapoptotic pro-
tein in human NK cells. It will be interesting to determine
whether the cytokine induces a similar downregulation of this
protein in other immune cells, e.g., T cells.
We observed that rhIL-18 caused cell death in NK92 cells, as
well as in primary human NK cells, in a dose-dependent man-
ner. At concentrations as low as 100 pg/ml, the cytokine con-
sistently caused signiﬁcant cell death. However, when we
tested sera from healthy and HIV-infected persons with known
concentrations of IL-18, the sera containing more than 500 pg
of IL-18/ml caused cell death. The sera containing lower con-
centrations of the cytokine, whether from HIV-infected or
healthy persons, did not cause signiﬁcant cell death. We be-
lieve that many other factors in the sera, e.g., IL-18BP, cyto-
kines, growth factors, etc., may explain these differential ef-
fects.
It is noteworthy that this IL-18-mediated NK cell killing may
represent a negative-feedback mechanism to control and ter-
minate a proinﬂammatory immune response. It was demon-
strated previously that combinations of two cytokines, IL-12
and IL-15, as well as IL-2 and IL-12, also cause death of human
NK cells, which could be blocked by TNF- neutralizing anti-
bodies (28). The authors of that study did not implicate Fas-
FasL interactions in this cytokine-mediated cell death. It is
noteworthy that IL-18, but not IL-12 or IL-15, has been shown
FIG. 7. IL-18 causes death in freshly isolated human NK cells. (A) Isolated primary NK cells from a healthy donor were cultured for 24 h with
or without increasing concentrations of rhIL-18. IL-18-mediated cell death was measured by counting dead cells using a trypan blue exclusion assay.
(B) Isolated human NK cells were cultured for 24 h in the presence of rhIL-18 (10 ng/ml) with or without the addition of anti-FasL antibodies or
TNF-- or TRAIL-neutralizing antibodies (1 g/ml each). IL-18-mediated cell death was measured by counting dead cells using a trypan blue
exclusion assay. (C) Human NK cells were treated as described above and stained with FITC-conjugated annexin V and PI and analyzed by ﬂow
cytometry. The results are representative of three independent experiments done on three different donors.
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to increase FasL-mediated cell death by murine NK cells and
Th1 T-cell clones (9, 13, 36). However, the expression of FasL
on NK cells was not measured in these studies. We show here
for the ﬁrst time that IL-18 induces FasL expression in a
human NK cell line, as well as in freshly isolated primary
human NK cells. Constitutively, these cells express very little of
this antigen on the cell surface. We provide experimental ev-
idence to show that in vitro the cytokine increases the tran-
scription of the FasL gene via stimulating its promoter. It is
quite conceivable that the cytokine-induced expression of FasL
would result in upregulation of the FasL-mediated cytotoxicity
of NK cells. However, these cells could also cause tissue de-
struction by killing Fas-positive body cells and tissues. Indeed,
IL-18 has been implicated in FasL- and TNF--mediated liver
damage by endotoxin in mice (34; reviewed in reference 35). It
is noteworthy that cytokines such as IL-2, IL-12, IL-15, and
IL-18 have the potential of enhancing innate and adaptive
immunity against cancer and infectious diseases and are being
used or considered both as adjuvants and as prophylactic and
therapeutic tools. Our results suggest that careful consider-
ation should be given to the in vivo use of these cytokines
either alone or in different combinations due to their negative-
feedback mechanisms and consequently their suppressive ef-
fects on immune responses.
Interestingly, one study (14) has shown that IL-18 prevents
apoptosis of NK cells during their killing of target cells. The
authors of that study ascribed this IL-18-mediated protection
to enhanced expression of TRAF-1 and c-IAP. Another study
(21) has shown that IL-18 induces expression of CD83, CCR7,
FIG. 8. Effect of rhIL-18 on cell surface expression of Fas and FasL
on primary NK cells. Isolated human NK cells were incubated for 24 h
with or without 10 ng of rhIL-18/ml, stained for the expression of FasL
(A) and Fas (B) on their surfaces, and measured by ﬂow cytometry.
The results are representative of three independent experiments with
three different donors.
FIG. 9. IL-18 enhances the susceptibility of primary NK cells to Fas/FasL-mediated apoptosis. (A) Isolated primary NK cells from two donors
were cultured with the medium (lane A) or with the medium supplemented with 10 ng of rhIL-18/ml (lane B) for 12 h, washed, and incubated for
another 12 h with 1 g of anti-Fas agonistic antibody/ml. The dead cells were counted by using a trypan blue exclusion assay. (B) Cell lysates from
primary NK cells coming from two different donors were cultured in medium alone (lane 1) or in medium supplemented with 10 ng of rhIL-18/ml
(lane 2) for 24 h and then analyzed by Western blotting with anti-Bcl-2 monoclonal antibody and Bcl-XL. A decrease in the expression of the latter
protein in the IL-18-treated cell lysates is notable.
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and CD25 on NK cells and increases their migration to lymph
nodes and interaction with other immunocytes (so-called
helper function). It is noteworthy that our study examines NK
cell death when they interact with each other after IL-18 treat-
ment and does not contradict the results of these two studies.
IL-18 increases FasL expression on NK cells and therefore
IL-18-treated NK cells would kill Fas-positive target cells more
efﬁciently. It is noteworthy that in our hands IL-18-treated
NK92 did not cause enhanced killing of K562 cells, which lack
Fas expression. Our results contradict those of Kalina et al.
(17), who reported increased killing of these target cells by
IL-18-treated NK92 cells. These differences may be attributed
to different techniques used in the two studies: we used stan-
dard 51Cr-release assays, while the other study relied upon
cell-staining dye PKH and PI intake. Furthermore, we cannot
exclude the differential expression of Fas on the target cells.
It can be argued that our results may not be relevant since
we used concentrations of IL-18 in several of our experiments
that are much higher that those found in the circulation of
healthy or HIV-infected persons. In fact, the concentrations of
cytokines in the circulation represent a spillover from the cells
and tissues that produce them. The precise concentrations of
the cytokines in tissues where the cytokine-producing cells
reside are not known. These concentrations are most likely to
be much higher than those found in the circulation, the so-
called “physiological” concentrations. Therefore, in the course
of investigating basic biology of a cytokine, it is not inappro-
priate or “unphysiological” to perform experiments with cyto-
kine concentrations higher than those found in the circulation.
There are several examples in which researchers have used
IL-18 concentrations in nanograms per milliliter (see, for ex-
ample, references 17 and 21) and discovered certain unknown
aspects of the cytokine biology.
In summary, the present study advances our understanding
of the immunobiology of IL-18 and sheds light on how in-
creased concentrations of this cytokine found in the circulation
of HIV-infected patients may be contributing to AIDS patho-
genesis.
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11-2 Déséquilibre entre l’IL-18 et l’IL-18BP lors de l’infection 
 
Les résultats obtenus lors de cette étude concernant la régulation de l’IL-18 et de 
son antagoniste l’IL-18BP sur la réplication du VIH-1 sont présentés sous le format d’un 
article de recherche. Cet article a été soumis à un processus de révision par les pairs 
avant sa publication. 
Article 7 : Iannello A, Boulassel MR, Samarani S, Tremblay C, Toma E, Routy JP and 
Ahmad A. HIV causes imbalance in production of interleukin-18 and its natural 
antagonist in HIV-infected AIDS patients: implications for enhanced viral replication. 
2009. Journal of Infectious Diseases 201(4): 608-17. 
Résumé : Avant cette étude, aucune information était détenue concernant la régulation 
de l’IL-18BP chez les patients infectés par le VIH-1. Nous avons donc réalisé une étude 
cross-sectionelle sur des sérums de patients infectés ou non par le VIH-1 lors de laquelle 
nous avons mesuré par ELISA les concentrations sériques d’IL-18 et d’IL-18BP. Nous 
avons infecté des macrophages in vitro par le VIH-1 afin de mesurer par ELISA la 
sécrétion d’IL-18 et d’IL-18BP. Nous avons de plus déterminé l’effet de l’IL-18 sur la 
réplication virale au niveau de cellules T CD4+ infectées. Contrairement aux niveaux 
d’IL-18, les niveaux d’IL-18BP sont réduits dans les sérums de patients infectés par 
rapport aux personnes non infectées. Cette réduction résulte sur des niveaux élevés d’IL-
18 libre dans leurs sérums. L’infection des macrophages par le VIH-1 augmente la 
sécrétion d’IL-18 et réduit celle d’IL-18BP. Nos études on aussi montré que l’IL-10 et le 
TGF-, dont les concentrations sont élevées chez ces patients, permettent de réduire la 
production d’IL-18BP au niveau des macrophages sans infection ou d’une manière 
additive à l’infection. Nous avons aussi démontré que l’IL-18 augmente la réplication 
virale dans les cellules T CD4+. Nos études démontrent un déséquilibre dans la 
production d’IL-18 et de son antagoniste chez les personnes infectées par le VIH-1. 
L’infection virale ainsi que le milieu cytokinique environnant les macrophages semblent 
donc être à l’origine du déséquilibre. L’augmentation de l’activité biologique de l’IL-18 
qui en résulte pourrait ainsi augmenter la réplication du VIH-1 au niveau des cellules T 
CD4+. 
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M A J O R A R T I C L E
HIV-1 Causes an Imbalance in the Production
of Interleukin-18 and Its Natural Antagonist
in HIV-Infected Individuals: Implications
for Enhanced Viral Replication
Alexandre Iannello,1,4 Mohamed-Rachid Boulassel,2 Suzanne Samarani,1,4 Ce´cile Tremblay,3,4 Emil Toma,3,4
Jean-Pierre Routy,2 and Ali Ahmad1,4
1Laboratory of Innate Immunity, Centre Hospitalier Universitaire Sainte-Justine Research Center, 2McGill University Health Center, McGill
University, 3Division of Infectious Diseases, Centre Hospitalier de l’Universite´ de Montre´al–Hoˆtel Dieu, and 4Department of Microbiology
and Immunology, University of Montreal, Montreal, Quebec, Canada
Background. Concentrations of interleukin (IL)–18 increase in the circulation of human immunodeﬁciency
virus (HIV)–infected persons. However, nothing is known concerning the regulation of IL-18–binding protein
(IL-18BP), which neutralizes IL-18 in vivo. This issue is addressed in the present study.
Methods. Serum samples obtained from healthy subjects and HIV-infected patients were analyzed by enzyme-
linked immunosorbent assay to determine their IL-18 and IL-18BP contents. Human monocyte-derived macro-
phages (MDMs) were infected in vitro with HIV type 1 (HIV-1), and the production of these 2 cytokines by these
cells was measured. Finally, we determined the effect of IL-18 on HIV-1 replication in human cells.
Results. In contrast to IL-18 levels, IL-18BP levels decreased in the serum of HIV-infected patients. This
decrease resulted in enhanced levels of free IL-18 in the serum of such patients. The infection increased production
of IL-18 but decreased that of IL-18BP in MDMs. IL-10 and transforming growth factor–b, concentrations of
which are increased in HIV-infected persons, also decreased production of IL-18BP by human MDMs. Finally,
recombinant human IL-18 enhanced HIV-1 replication in human CD4+ T cells.
Conclusions. Production of IL-18 and its antagonist becomes imbalanced in HIV-1–infected persons. The
infection and the cytokine milieu play a role in this decreased production. The increased biological activities of
IL-18 may enhance viral replication in human CD4+ T cells.
Interleukin (IL)–18 is a multifunctional and pleiotropic
cytokine with unique proinﬂammatory, immune reg-
ulatory, proapoptotic, and atherogenic properties [1,
2]. In concert with IL-12, IL-18 acts as the most pow-
erful inducer of interferon (IFN)–g in natural killer
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(NK) and T cells [1]. The cytokine is mainly produced
by activated macrophages and several other types of
cells in the body. In the circulation, IL-18 is bound
speciﬁcally with a naturally occurring antagonist, IL-
18–binding protein (IL-18BP). The bound IL-18 be-
comes functionally inactive and cannot transduce sig-
nals via IL-18–speciﬁc receptors. This protects the body
from potentially harmful proinﬂammatory effects of
the cytokine. Like IL-18, IL-18BP is constitutively pro-
duced from a wide variety of cells in the body, including
macrophages. It has much higher afﬁnity for IL-18,
compared with that of IL-18 for IL-18–speciﬁc receptor
[3–5]. The protein exists in humans in 4 different iso-
forms, designated as “a–d,” which result from alternate
splicing of the IL-18BP messenger RNA. Of these iso-
forms, the “a” isoform accounts for almost all IL-18–
neutralizing activity of IL-18BP in the circulation [3].
[adresse(s) courriel retirée(s)]
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Table 1. Different Categories of Human Immuodeﬁciency Vi-
rus (HIV)–Infected Individuals
Category (no. of patients)
Clinical characteristic
CD4+ T cell count,
median (range),
cells/mL of blood
HIV-1 RNA load,
median (range),
copies/mL of plasma
Primary infection (n p 30) 381 (3–854) 29,799 (156–511,143)
Chronic infection (n p 37) 303 (92–1261) 32,949 (267–307,532)
CIH-V (n p 32) 236 (16–746) 2400 (500–457,000)
CIH-A (n p 15) 519 (220–647) !50
NOTE. CIH-A, chronically infected aviremic patientswhowere receiving
highly active antiretroviral therapy (HAART); CIH-V, chronically infected pa-
tients with viremia who are receiving HAART; HIV-1, HIV type 1.
We and other investigators have shown that concentrations
of IL-18 are signiﬁcantly increased in the circulation of human
immunodeﬁciency virus (HIV) type 1 (HIV-1)–infected indi-
viduals ([6–8]; reviewed in [9]). However, to the best of our
knowledge, no information exists concerning production of IL-
18BP in these individuals. This information is important for
understanding regulation of the biological activity of IL-18 in
HIV-1 infection. We addressed this issue in the present study.
We also investigated the effects of HIV-1 infection on the pro-
duction of these 2 soluble mediators by human monocyte-
derived macrophages (MDMs). Increased biological activities
of IL-18 in HIV-infected persons may be relevant to the in-
fection, because we observed an enhancing effect of the cytokine
on HIV-1 replication in human CD4+ T cells.
MATERIALS AND METHODS
Generation of human MDMs. The MDMs were generated
from the peripheral blood mononuclear cells (PBMCs), which
were prepared from venous blood samples obtained from HIV-
infected individuals and HIV-seronegative healthy subjects, as
described elsewhere [6]. The cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 media that contained 10%
fetal calf serum, 2 mmol/L l-glutamate, 100 mg/mL penicillin,
and 100 mg/mL streptomycin at 37C in a humidiﬁed atmo-
sphere containing 5% CO2. To generate MDMs, the monocytes
present in the PBMCs were isolated by adherence to plastic
dishes and were allowed to differentiate into macrophages for
5 days via culture in culture medium with 5% human AB-
positive serum and 2 ng/mL recombinant human (rh) gran-
ulocyte-macrophage colony-stimulating factor.
Antibodies and recombinant cytokines. The cytokines used
in the present study included rhIL-2 from Roche; rhIL-18, rhIL-
10, and rh granulocyte-macrophage colony-stimulating factor
from Biosource; and rh transforming growth factor (TGF)–b
and rhIL-12 from eBioscience. Phytohemagglutinin was pur-
chased from Sigma-Aldrich, and lamivudine (3TC) and p24
enzyme-linked immunosorbent assay (ELISA) kits were ob-
tained from the AIDS Vaccine Program (National Cancer In-
stitute–Frederick).
Patients and collection of serum samples. Serum samples
were obtained from 114 HIV-infected individuals and 32 age-
matched healthy HIV-seronegative individuals. The character-
istics of the infected individuals are presented in Table 1. The
HIV infection was deﬁned as a primary infection (PI), if 6
months had passed since the date of infection, and as chronic
infection (CI), if 16 months had passed since this date. Indi-
viduals with CI who were receiving highly active antiretroviral
therapy (HAART) were categorized as CIH patients. CIH pa-
tients who responded poorly to HAART and had detectable
plasma viral loads were characterized as CIH viremic (CIH-V)
patients. CIH patients who responded to HAART and had un-
detectable viral RNA in their plasma (!50 HIV-1 RNA copies/
mL) were categorized as CIH aviremic (CIH-A) patients. All
individuals in the CIH categories and 15 individuals in the CI
category had 1 acquired immunodeﬁciency syndrome
(AIDS)–deﬁning condition. HAART consisted of different reg-
imens that included 1 nucleoside and/or nonnucleoside re-
verse-transcriptase inhibitors in single, dual, or triple formu-
lations, in combination with 1 or 2 protease inhibitors or a
chemokine (C-C motif) receptor 5 (CCR-5) antagonist (Vi-
criviroc; Schering-Plough). The date of infection of each HIV-
infected individual was estimated using his/her clinical and
laboratory data as well as his/her medical history, as described
elsewhere [10]. We followed the guidelines proposed by the
Acute HIV Infection and Early Disease Research Program spon-
sored by the Division of AIDS of the National Institutes of
Allergy and Infectious Disease.
Measurement of IL-18 and IL-18BP concentrations.
Concentrations of IL-18 and IL-18BP in the serum samples
and culture supernatants were determined using commercial
ELISA kits from Bender Medsystems and R&D Systems, re-
spectively. The detection limits for these kits are 12 pg and 60
pg/mL, respectively. The IL-18 kit measures total IL-18 (both
free as well as IL-18BP–bound forms). The IL-18BP kit is spe-
ciﬁc for measurement of the “a” isoform, which accounts for
almost all the IL-18–binding activity in the human circulation
[3]. For each individual, free IL-18 was calculated from the
individual’s data on serum IL-18 and IL-18BP concentrations,
in accordance with the law of mass action, as described else-
where [11]. The calculation was based on the fact that IL-18BP
binds IL-18 with a 1:1 stoichiometry and with a dissociation
constant ( ) of 0.4 nmol/L.Kd
HIV-1 infection of MDMs. In separate experiments,
MDMs were infected (multiplicity of infection, 1) with a dual-
tropic strain (89.6) or an M-tropic HIV-1 strain (YU-2) for 2
h at 37C, and they were extensively washed. The cells were
incubated at 37C, and their culture supernatants were collected
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after different lengths of time (detailed in individual experi-
ments), clariﬁed by centrifugation, aliquoted, and stored at
20C until they were analyzed. In some experiments, the
effects of different cytokines on the production of IL-18 and
IL-18BP or on replication of HIV-1 in MDMs were determined.
In these experiments, the cytokines were added to the cell cul-
tures at equimolar concentrations (15 mmol/L) at the time of
infection.
Isolation and HIV-1 infection of CD4+ T cells. To inves-
tigate the effect of IL-18 (either alone or in combination with
other cytokines) on HIV-1 replication in CD4+ T cells, we
isolated these cells from the PBMCs of healthy HIV-seroneg-
ative donors. The PBMCs were activated with rhIL-2 (100 U/
mL) and phytohemagglutinin (10 mg/mL) for 3 days at 37C.
CD4+ T cells were isolated by negative selection performed
using a kit (Stem Cell Technology). The puriﬁed CD4+ T cells
were 195% pure, as veriﬁed by ﬂow cytometry (data not
shown). The cells were infected (multiplicity of infection, 1)
in vitro with HIV-1 (NL4.3) for 2 h at 37C, and they were
extensively washed with the culture medium to remove the
residual virus. The cytokines (indicated in individual experi-
ments) were added to the infected cell cultures immediately
after the infection. The culture supernatants were collected after
different lengths of time (as detailed in individual experiments),
clariﬁed by centrifugation, aliquoted, and stored at20C until
they were analyzed to determine their HIV-1 p24 contents.
Statistical analysis. The IL-18 and IL-18BP data from se-
rum samples were analyzed using nonparametric one-way
analysis of variance (Kruskal-Wallis test) and Dunn’s multiple
comparison test. The data from in vitro experiments were
analyzed using classical one-way analysis of variance and the
Tukey multiple comparison test. Pearson’s correlation was
used to ﬁnd correlation between 2 variables. The software
used was GraphPad software (version 4; Prism).
RESULTS
Increased IL-18 and decreased IL-18BP serum concentrations
in HIV-infected individuals. As shown in Figure 1A, serum
samples obtained from all groups of HIV-infected individuals
had signiﬁcantly ( ) increased levels of IL-18, comparedP ! .001
with serum samples obtained from healthy subjects. The av-
erage IL-18 concentrations in the serum samples from infected
individuals were ∼2.5- to 3-fold higher than those in the serum
samples from control individuals. Of interest, no signiﬁcant
differences ( ) were observed between the serum IL-18P 1 .05
concentrations in viremic and aviremic individuals receiving
HAART. Results of analysis of the IL-18BP contents of these
serum samples are shown in Figure 1B. Unlike IL-18, IL-18BP
was present in signiﬁcantly lower ( ) median concen-P ! .001
trations in the serum samples obtained from HIV-infected per-
sons than in the serum samples obtained from control indi-
viduals, with the exception of the CIH individuals. No
statistically signiﬁcant ( ) differences were observedP 1 .05
within the infected groups, for these 2 parameters. However,
the IL-18 concentration tended to increase in aviremic patients,
and the IL-18BP concentration tended to increase in chronically
infected patients (both viremic and aviremic) who were re-
ceiving HAART, compared with chronically infected patients
who were not receiving HAART. No statistically signiﬁcant cor-
relations were found ( ) between IL-18 or IL-18BP levelsP 1 .05
and viral loads, CD4+ T cell counts, or CD8+ T cell counts in
all groups of infected individuals (data not shown).
Correlation between serum IL-18 and IL-18BP concentra-
tions in healthy individuals but not in HIV-infected
individuals. Because IL-18BP neutralizes IL-18 in vivo and
protects body cells from its tissue-destructive effects, we rea-
soned that the concentrations of the 2 soluble mediators might
be correlated with each other. As shown in Figure 1C, a sig-
niﬁcant positive correlation ( ; ) was found be-P ! .001 rp 0.64
tween the 2 parameters in healthy persons. Of interest, no
signiﬁcant correlations were found between these 2 cytokines
in the serum samples of HIV-infected individuals in all groups
( and for patients with PI [Figure 1D],Pp .32 rp0.18
and for patients with CI [Figure 1E],Pp .47 rp0.12
and for CIH-V patients [Figure 1F], andpp .58 rp0.1
and for CIH-A patients [Figure 1G]). ThesePp .41 rp0.23
data suggest that coordinated production of these 2 soluble
mediators, as observed in control subjects, is lost in HIV-in-
fected individuals. Coordination was not restored even in those
patients who responded to HAART with undetectable viral
loads.
Increase in serum levels of free IL-18 in HIV-infected
individuals. Decreased levels of IL-18BP with concomitant
increased levels of IL-18 resulted in a 3- to 4-fold increase in
ratios of IL-18 and IL-18BP concentrations in serum samples
obtained from the infected subjects, compared with those in
samples obtained from control subjects ( ) (Figure 1H).P ! .001
We calculated free IL-1 concentrations in the serum samples
obtained from our study participants, using the law of mass
action as described in Materials and Methods. As shown in
Figure 1I, we found, as was expected, an increase in serum
concentrations of free IL-18 in HIV-infected subjects, compared
with those in healthy subjects ( ). Consequently, theP ! .001
difference in free IL-18 concentrations between HIV-infected
and healthy donors is more pronounced, compared with the
difference in total IL-18 concentrations.
Effects of HIV infection on production of IL-18 and IL-
18BP by human MDMs. Macrophages are the main produc-
ers of IL-18 and IL-18BP in the body. They are also infected
with HIV and act as a viral reservoir in HIV-infected individuals
[12]. Therefore, we were interested in determining the effects
of HIV-1 infection on the production of IL-18 and its antag-
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Figure 1. Imbalance of interleukin (IL)–18 and IL-18–binding protein (IL-18BP) in human immunodeﬁciency virus (HIV)–infected patients. IL-18 and IL-
18BP concentrations in serum samples were determined by use of a commercial enzyme-linked immunosorbent assay (ELISA) kit. Concentrations of IL-18
(A) and IL-18BP (B) in the serum samples of 32 control (CTRL) subjects, 30 HIV-infected patients with primary infection (PI), 37 patients with chronic HIV
infection (CI), 32 chronically infected patients with viremia who were receiving highly active antiretroviral therapy (HAART) (CIH-V patients), and 15 aviremic
patients with CI who were receiving HAART (CIH-A patients). Each dot denotes an individual serum concentration, and the horizontal line in each column
denotes the median value for the group. The IL-18 concentrations differed signiﬁcantly between the CTRL subjects and each group of infected donors
( ). The same was true for IL-18BP, except between CIH patients (both viremic and aviremic) and CTRL subjects ( ). C, Pearson correlationP ! .001 P 1 .05
between IL-18 and IL-18BP concentrations in serum samples obtained from healthy persons. The 2 parameters showed a statistically signiﬁcant correlation
( ; ). D–G, Pearson correlation between IL-18 and IL-18BP concentrations in serum samples obtained from HIV-infected patients. The 2Pp .001 rp 0.64
parameters did not show a statistically signiﬁcant correlation for all groups of patients ( and , for patients with PI [D]; andPp .32 rp0.18 Pp 0.47
, for patients with CI [E]; and , for CIH-V patients [F]; and and , for CIH-A patients [G]). H, Ratios of IL-rp0.12 Pp .58 rp0.1 Pp .41 rp0.23
18 to IL-18BP in serum samples obtained from the healthy (CTRL) persons and different HIV-infected patients. A dot denotes an IL-18:IL-18BP ratio for an
individual serum sample, and the horizontal line in each column denotes the median value for the group. The median values of the ratios differed signiﬁcantly
between the CTRL subjects and each patient group ( ). I, Concentrations of free IL-18 (expressed as nanomoles) in serum samples obtained fromP ! .001
healthy (CTRL) persons and HIV-infected patients were calculated using the law of mass action described in Materials and Methods. A dot denotes an
individual’s concentration of free IL-18, and the horizontal line in each column denotes the median value for the group. Median values differed signiﬁcantly
between the CTRL subjects and each patient group ( ).P ! .001
onist by these cells. For this purpose, we infected MDMs with
a dual-tropic HIV-1 strain (89.6) that is known to productively
infect MDMs [13], and we analyzed the cell culture superna-
tants for IL-18 and IL-18BP contents. As shown in Figure 2A,
at each tested time point until 24 days after infection, the virus-
infected MDMs produced signiﬁcantly more ( ) IL-18,P ! .01
compared with mock-infected MDMs. However, they produced
signiﬁcantly less IL-18BP ( ) at these time points (FigureP ! .01
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Figure 2. Effects of in vitro infection with a dual-tropic human immunodeﬁciency virus type 1 (HIV-1) strain on production of interleukin (IL)–18 and IL-
18–binding protein (IL-18BP) by human monocyte-derived macrophages (MDMs) The MDMs were generated in vitro and infected with a dual-tropic HIV-
1 strain (89.6) or with the viral preparation that has been heated at 56C for 1 h. The concentrations of IL-18 and IL-18BP secreted by these cells were
measured in the culture supernatants collected at the indicated time points after infection, by use of enzyme-linked immunosorbent assay kits (A and B,
respectively). The IL-18:IL-18BP ratios (C) and the concentrations of free IL-18 (D) in the culture supernatants are shown. Essentially similar results were
obtained with the MDMs prepared from 3 healthy donors.
2B). The ratios between the IL-18 and IL-18BP concentrations
present in the supernatants of the mock- and HIV-infected
MDMs are shown in Figure 2C. As expected, the average ratio
was increased for HIV-infected MDMs, compared with mock-
infected cells, at each time point.
We further calculated the concentrations of free IL-18 present
in these cell culture supernatants and observed an increase in
concentrations of free IL-18 in HIV-infected cells, compared
with those in mock-infected cells, at each time point (Figure
2D). These data suggest that the viral infection itself induces
imbalanced production of IL-18 and IL-18BP by MDMs. No
signiﬁcant effects ( ) on these 2 soluble mediators wereP 1 .05
observed when the cells were infected with the viral preparation
that had been heated at 56C for 1 h (data not shown). Es-
sentially, similar results were observed when MDMs were in-
fected with an M-tropic viral strain YU-2 (Figure 3). In our
hands, both 89.6 and YU-2 replicate in MDMs with similar
kinetics, and they reach peak production of progeny viruses by
day 8 after infection (data not shown).
Next, we sought to investigate whether HIV-1 replication
was required for the observed alterations in IL-18 and IL-18BP
production. For this purpose, we infected MDMs with HIV
(89.6) for different lengths of time with or without 3TC, a
nucleoside reverse-transcriptase inhibitor that blocks viral rep-
lication [14]. As shown in Figure 4A, treatment with 3TC de-
creased IL-18 production in cell culture supernatants to levels
that were almost equal to those seen in mock-infected cells.
The treatment also restored IL-18BP production by MDMs
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Figure 3. Effects of in vitro infection with an M-tropic strain of human immunodeﬁciency virus type 1 (HIV-1) on production of interleukin (IL)–18 and
IL-18–binding protein (IL-18BP) by human monocyte-derived macrophages (MDMs). The MDMs were generated in vitro and infected with an M-tropic HIV-
1 strain (YU-2) or with a viral preparation that had been heated at 56C for 1 h. The concentrations of IL-18 and IL-18BP secreted by these cells were
measured in the culture supernatants collected at the indicated time points after infection by use of enzyme-linked immunosorbent assay kits (A and B,
respectively). The IL-18:IL-18BP ratios (C) and the concentrations of free IL-18 (D) in the culture supernatants are shown. Essentially similar results were
obtained with the MDMs prepared from 3 healthy donors.
(Figure 4B). Taken together, these data suggest that HIV-1 rep-
lication—not binding of the virus to MDMs—results in im-
balanced production of IL-18 and IL-18BP by these cells. Es-
sentially similar results were observed when human MDMs
were infected with the M-tropic HIV-1 strain YU-2 (data not
shown).
Effect of IL-10 and TGF-b on IL-18BP production by
MDMs. IL-10 and TGF-b are 2 cytokines whose concentra-
tions are often increased in the circulation of HIV-infected
patients with AIDS [15, 16]. Therefore, we sought to determine
their effects on the production of IL-18BP by human MDMs.
For this purpose, we infected MDMs with the dual-tropic virus
and added equimolar concentrations of the 2 cytokines for
different lengths of time, and we then measured, by use of
ELISA, the levels of IL-18BP secreted in the cell culture su-
pernatants. As shown in Figure 5, the infection decreased IL-
18BP in the culture supernatants when they were analyzed on
days 1, 3, 5, and 8 after infection. Furthermore, the addition
of IL-10, IL-18, or TGF-b to the MDM cultures also decreased
production of this mediator on days 3, 5 and 8 after infection.
Of interest, at each of these time points, the effects of the
infection and the cytokines on the production of IL-18BP from
MDMs were additive (Figure 5). Furthermore, the cytokines
also acted in an additive manner in decreasing production of
IL-18BP. Taken together, these data suggest that decreased con-
centrations of circulating IL-18BP from macrophages may oc-
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Figure 4. Effects of inhibiting human immunodeﬁciency virus type 1 (HIV-
1) replication on production of interleukin (IL)–18 and IL-18–binding protein
(IL-18BP) by human monocyte-derived macrophages (MDMs). The MDMs
were generated in vitro, infected with a dual-tropic HIV-1 strain (89.6), and
treated with or without lamivudine (3TC; 200 nmol/L) for different lengths
of time. The concentrations of IL-18 and IL-18BP secreted by these cells
were measured in the culture supernatants collected at the indicated time
points after infection, by use of enzyme-linked immunosorbent assay kits
(A and B, respectively). Similar results were obtained with the MDMs
prepared from 3 healthy donors. One star denotes , and 3 starsP ! .05
denote .P ! .001
cur in HIV-infected individuals because of their cytokine mi-
lieu, even in aviremic conditions. In contrast to their effects
on IL-18BP production, cytokine treatments of the MDMs did
not signiﬁcantly ( ) affect IL-18 production by these cellsP 1 .05
(data not shown).
In separate experiments, we generated MDMs from 3 viremic
patients and 3 HIV-seronegative control subjects. After 8 days
of culture at 37C, no signiﬁcant difference was observed con-
cerning the concentrations of IL-18 and IL-18BP in their cul-
ture supernatants (data not shown).
Enhancement of HIV-1 replication by IL-18 in human CD4+
T cells. In accordance with our earlier results [6], no signif-
icant correlation existed between serum IL-18 concentrations
and viral loads in HIV-infected persons (data not shown). Nev-
ertheless, we were interested in determining the effect of IL-18
on HIV replication, because any replication-enhancing effects
of the cytokine may have been suppressed by HAART in the
HIV-infected individuals. For this purpose, we infected puriﬁed
human CD4+ T cells with HIV-1 (strain NL4.3) and added
equimolar concentrations of different cytokines (IL-18, IL-12,
IL-10, or TGF-b) alone as well as in different combinations.
The supernatants from these cultures were quantiﬁed for p24
contents on days 3 and 5 after infection. As shown in Figure
6, we observed a signiﬁcant ( ) enhancing effect of re-P ! .01
combinant human IL-10, IL-12, and IL-18 on HIV-1 replica-
tion. However, no signiﬁcant ( ) effect of TGF-b on viralP .05
replication was observed. Furthermore, the cytokines did not
show any additive effect when they were added together. We
also performed experiments to determine the effect of IL-18
and other cytokines on viral replication in MDMs after infecting
them with the dual-tropic HIV-1 strain (89.6). IL-18 alone or
in combination with other cytokines caused no signiﬁcant effect
on HIV-1 replication in MDMs (data not shown).
DISCUSSION
The results presented in this study conﬁrm earlier reports from
this and other laboratories ([6–8]; reviewed in [9]) regarding
increased serum levels of IL-18 in HIV-infected subjects, com-
pared with healthy subjects. Of interest, HAART did not result
in normalization of these levels, even in patients who responded
to the treatment and had undetectable plasma viral loads. Re-
cent studies have shown that certain anti–HIV-1 drugs (eg,
protease inhibitors) induce secretion of proinﬂammatory cy-
tokines like IL-1b, tumor necrosis factor–a, and IL-6 [17].
Because IL-1b and IL-18 belong to the same family and share
similar mechanisms of production, it is highly likely that these
anti–HIV-1 drugs also induce production of IL-18 by human
macrophages.
To our knowledge, the present study is the ﬁrst to show that,
concomitant with an increase in IL-18 concentrations, IL-18BP
concentrations are signiﬁcantly reduced in the circulation in
HIV-infected individuals. A practical consequence of the de-
crease in levels of this IL-18 antagonist is that the concentra-
tions of biologically active IL-18 become even more accentuated
in the circulation of these individuals. This would have resulted
in increased biological activities of IL-18 in the circulation of
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Figure 5. Effects of different cytokines on production of interleukin (IL)–18–binding protein (IL-18BP) by human monocyte-derived macrophages (MDMs)
with or without infection with human immunodeﬁciency virus type 1 (HIV-1). The MDMs were generated in vitro and were infected with HIV-1 strain 89.6
with and without equimolar concentrations (15 mmol/L) of the indicated cytokines or their combinations. At the indicated time points after infection, the
culture supernatants were collected and analyzed for their IL-18BP contents. Note the differential effects of certain cytokines (eg, IL-18) on the infected
and mock-infected cells, as well as the additive effects of certain cytokine combinations (eg, IL-18 and transforming growth factor [TGF]–b), irrespective
of infection status, on IL-18BP production by the MDMs. Similar results were obtained with the MDMs prepared from 3 healthy donors.
HIV-infected persons. Indeed, we have previously demon-
strated that the biological activity of IL-18 is increased in serum
samples obtained from HIV-infected individuals [6]. In this
study, we also provide experimental evidence to show that in-
fection of macrophages with HIV-1 contributes to imbalanced
production of IL-18 and its antagonist in HIV-infected indi-
viduals. It is noteworthy that in vivo infection of macrophages
in many tissues of the body has been demonstrated in HIV-
infected persons [12]. It is widely believed that macrophages
are the ﬁrst type of cells to be infected via a mucosal route
(which is the predominant route of infection in humans). These
cells also represent an important reservoir of infection in
HAART-treated HIV-infected persons [12]. These observations
imply that the observed imbalance in levels of IL-18 and IL-
18BP may occur in early stages of the infection. Indeed, in-
creased concentrations of circulating IL-18 have been reported
in early stages of the infection [18].
Studies of IL-18BP have shown that its production is induced
in the body as a negative-feedback mechanism in response to
IL-18 for controlling proinﬂammatory biological effects of the
cytokine. This induction occurs, at least in part, as a result of
IL-18–mediated IFN-g production by NK and T cells. It is
noteworthy that IFN-g is a powerful stimulus for production
of IL-18BP [19]. The HIV-induced decrease in production of
this soluble mediator seems to occur independently of IFN-g,
because MDMs are not known to produce this cytokine. Fur-
thermore, our data show that IL-18 can also directly inhibit
production of its antagonist in human MDMs. Moreover, de-
creased production of IFN-g in HIV-infected persons has been
reported elsewhere [20]. Decreased production of TH1 type
cytokines, of which IFN-g is the representative one, has been
implicated in the pathogenesis of AIDS [21]. Although IL-18
is a powerful inducer of IFN-g in NK and T cells, it does so
only in combination with other cytokines (eg, IL-12, IL-21,
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Figure 6. Effects of interleukin (IL)–18, alone and in combination with
other cytokines, on production of HIV-1 in human CD4+ T cells. Human CD4+
T cells from uninfected donors were puriﬁed from activated peripheral blood
mononuclear cells (phytohemagglutinin and interleukin-2), infected in vitro
with a T-tropic human immunodeﬁciency virus type 1 (HIV-1) strain (NL4.3)
and treated with equimolar concentrations (15 mmol/L) of the indicated
cytokines, either alone or in combinations, for the indicated lengths of time.
The HIV-1 p24 level was measured in the culture supernatants by use of
an enzyme-linked immunosorbent assay kit. Similar results were obtained
for 3 different donors. OD, optical density; TGF-b, transforming growth
factor–b.
etc). IL-18 alone induces little of this interferon. Because pro-
duction of IL-12, IL-15, and IL-21 markedly decreases in HIV-
infected persons [22–24], it is not surprising that production
of IFN-g also decreases in these patients. Furthermore, im-
munosuppressive cytokines, such as TGF-b and IL-10, also in-
hibit production of this interferon in response to IL-18 and
other stimuli. The concentrations of these immunosuppressive
cytokines are increased in HIV-infected persons [6, 23, 25–27].
We have shown here that treatment of macrophages with these
cytokines decreases production of IL-18BP, apparently in an
IFN-g–independent manner. Thus, the cytokine milieu prev-
alent in the circulation of HIV-infected persons also contributes
to decreased production of IL-18BP in these patients.
Conﬂicting results concerning the effects of IL-18 on HIV-
1 replication have been published in the literature [9]. The
cytokine stimulates HIV-1 replication in vitro in chronically
infected human monocytic and T cell lines but not in primary
human cells [28, 29]. However, it was reported to inhibit rep-
lication of both M- and T-tropic HIV-1 strains in human
PBMCs, and the inhibitory effect was ascribed to IL-18–induced
IFN-g production [30]. In PBMC cultures, the inhibitory effects
of IL-18 may prevail because of the cytokine-induced produc-
tion of IFN-g by NK cells. However, IL-18 promotes HIV-1
replication in isolated CD4+ T cells, chronically infected T cell
lines, and HIV-infected monocytic cells in which IL-18 alone
would induce little IFN-g. As mentioned earlier, IL-18 alone
induces little IFN-g. It induces this interferon only when acting
in collaboration with other cytokines (eg, IL-12). Production
of the collaborating cytokines becomes compromised in HIV-
infected individuals, often in early stages of the infection (as
reviewed in [23]). Furthermore, increased concentrations of
immunosuppressive cytokines (ie, TGF-b and IL-10) in the
circulation of HIV-infected individuals would also inhibit pro-
duction of IFN-g by their PBMCs. Under these circumstances,
it should not be surprising if IL-18 promotes HIV-1 replication
in the PBMCs (and tissues) of HIV-infected persons. This ﬁnd-
ing may explain the reported association of AIDS progression
with increased serum levels of the cytokine in HIV-infected
subjects [7, 31, 32].
In short, the present study provides novel insights concerning
the regulation of IL-18 and its antagonist in HIV-1 infection.
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12- Résultats concernant les études sur l’IL-21 
 
12-1 Régulation de l’IL-21 lors de l’infection par le VIH-1  
 
 Les résultats obtenus lors de cette étude concernant la dérégulation de la 
production d’IL-21 chez les patients infectés par le VIH-1 ainsi que les conséquences sur 
le système immunitaire sont présentés sous le format de deux articles de recherche. Ces 
articles ont été soumis à un processus de révision par les pairs avant leur publication. 
Article 8 : Iannello A, Tremblay C, Routy JP, Boulassel MR, Toma E and Ahmad A. 
Decreased levels of circulating IL-21 in HIV-infected AIDS patients: Correlation with 
HIV CD4+ T cell counts. 2008. Viral Immunology 21(3): 385-388.    
  
Article 9 : Iannello A, Boulassel MR, Samarani S, Debbeche O, Tremblay C, Toma E,  
Routy JP and Ahmad A. Dynamics and consequences of IL-21 production in HIV-
infected persons: A longitudinal and cross sectional study. 2010. Journal of 
Immunology 184(1): 114-26. 
 
Résumé : L’IL-21 joue un rôle clef dans le contrôle des infections virales chroniques. 
Nous avons déterminé la dynamique de la production d’IL-21 lors de l’infection par le 
VIH-1 et sa conséquence sur la survie des cellules T CD4+ et la fréquence des cellules T 
CD8+ spécifiques au VIH-1. Nous avons démontré que sa production est compromise tôt 
au cours de l’infection et que les concentrations d’IL-21 corrélent avec le compte de 
cellules T CD4+ chez les personnes infectées. Notre étude a démontré que le traitement 
antirétroviral restaure partiellement la production de l’IL-21. De plus, l’infection par le 
VIH-1 des cellules T CD4+ humaines inhibe sa production en réduisant l’expression du 
facteur de transcription c-Maf. Nous avons démontré que la fréquence des cellules T 
CD4+ spécifiques au VIH-1 qui produisent de l’IL-21 est réduite chez les patients 
virémiques. Nous démontrons aussi que l’IL-21 recombinante empêche l’apoptose 
spontanée des cellules T CD4+ de patients infectés et que l’absence d’IL-21 réduit la 
fréquence des cellules T CD8+ spécifiques au VIH-1. 
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Decreased Levels of Circulating IL-21 in HIV-Infected AIDS
Patients: Correlation with CD4 T-Cell Counts
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Abstract
IL-21 is a relatively newly discovered multifunctional and pleiotropic cytokine. It is produced primarily by
CD4 T cells, the principal targets of the virus, and therefore this cytokine has special relevance to HIV infec-
tion. Here we show for the first time that serum levels of this cytokine are significantly reduced in HIV-infected
AIDS patients and correlate significantly with their CD4 T-cell counts. These data suggest that the cytokine
levels could act as a valuable biomarker for the progression of AIDS.
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Introduction
INTERLEUKIN-21 (IL-21) IS A RELATIVELY RECENTLY DISCOVEREDMULTIFUNCTIONAL AND PLEIOTROPIC CYTOKINE (9,11). It is a
member of the common -chain-using cytokine family that
also includes IL-2, IL-4, IL-7, IL-9, and IL-15. The cytokine
has been shown to exert significant immune enhancing and
regulatory functions (11). It has been demonstrated that
CD4 T cells are the main producers of this cytokine in the
human body (9). It is noteworthy that these cells are also the
primary targets of HIV in infected persons. They are pro-
gressively depleted in HIV-infected persons as the infection
progresses to full-blown AIDS. The depletion of CD4 T cells
constitutes an important hallmark of AIDS (8). In this con-
nection IL-21 bears special relevance to HIV infection, and
for this reason we were interested in investigating the pro-
duction of this cytokine in HIV-infected persons.
In order to address this issue, we measured IL-21 in the
sera of 27 adult HIV-infected AIDS patients and compared
the sera with that from 27 age-matched HIV-seronegative
healthy subjects. The blood samples were taken from the
study participants after obtaining their written informed
consent. All the patients had one or more AIDS-defining con-
ditions and were receiving highly active antiretroviral ther-
apy (HAART) that comprised at least one protease inhibitor
(saquinavir, ritonavir, or indinavir) and one or two reverse
transcriptase inhibitors (stavudine, lamivudine, zidovudine,
or didanosine). The characteristics of the patients are detailed
in Table 1. The concentrations of IL-21 were determined in
the serum samples using a commercial enzyme-linked im-
munosorbent assay (ELISA) kit (eBioscience, San Diego, CA)
per the manufacturer’s recommended protocol. The kit is
based on a sandwich ELISA that utilizes two monoclonal an-
tibodies directed against two different epitopes of human IL-
21, and could detect levels as low as 31 pg/mL of the cyto-
kine. We used two-tailed Student’s unpaired t-test for
comparing mean concentrations of the cytokine between the
infected and control subjects with PRISM software (Graph-
Pad, San Diego, CA).
As shown in Fig. 1A, the mean serum levels of IL-21 are
significantly (p  0.0087) reduced in the HIV-infected AIDS
patients as compared to healthy subjects. On the average, the
patient levels were half of the control group levels (285  25
pg/mL versus 534  77 pg/mL, respectively). Furthermore,
using Pearson’s correlation with GraphPad PRISM software,
we found that the IL-21 concentrations showed a significant
positive correlation (p  0.0006; r  0.79) with CD4 T-cell
counts of the patients (Fig. 1B). Nevertheless, no correlation
was found between the serum IL-21 levels and the viral load
(the number of copies of HIV RNA per milliliter of periph-
eral blood) of the HIV-infected AIDS patients (data not
shown).
To the best of our knowledge, this is the first report de-
scribing a decrease in the serum concentrations of IL-21 and
their correlation with CD4 T-cell counts in HIV-infected
AIDS patients. Our unpublished data shows that HIV per se
1Laboratory of Innate Immunity, Ste-Justine Hospital Research Center, Montreal, Quebec, Canada.
2Hospital Hotel-Dieu, University of Montreal, Montreal, Quebec, Canada.
3Department of Microbiology and Immunology, University of Montreal, Montreal, Quebec, Canada.
4Department of Haematology, McGill University, Montreal, Quebec, Canada.
induces IL-21 production in human CD4 T cells. Another
virus, lymphocytic choriomeningitis virus, which is unre-
lated to HIV, also induces IL-21 mRNA in human cells (6).
Thus HIV itself may be inducing IL-21 production from
CD4 T cells. However, these cells are gradually depleted in
HIV-infected patients and they represent the main produc-
ers of this cytokine, and their depletion results in a decrease
in serum IL-21 concentrations in these patients. This is sup-
ported by the fact that the extent of the decreased produc-
tion is dependent upon the degree of depletion of the cells.
Although, classical CD4 NKT cells with invariant TCR have
also been shown to produce IL-21, these cells constitute a
very small proportion of the IL-21–producing cell pool in the
body. Interestingly, these cells are also infected with HIV and
decrease in numbers in HIV-infected patients (3,13).
In this study we did not find a significant correlation be-
tween IL-21 levels and HIV load of the patients. This could
be explained by the fact that our study patients were re-
ceiving HAART. This antiviral chemotherapy reduces viral
load dramatically, but is often not as quick and effective in
restoring CD4 T-cell counts. Nevertheless HAART may
have affected the production of this cytokine in our HIV-in-
fected patients. In order to investigate the impact of HAART
on IL-21 production, we obtained serum samples from 25
age-matched chronically infected patients that were not un-
dergoing HAART or any other antiretroviral therapy and
measured the concentrations of the cytokine in their sera. As
shown in Fig. 1C, the IL-21 concentrations in these patients
were significantly lower compared to those of the control
and HAART-treated HIV-infected patients (285  25 pg/mL
in HAART-treated patients versus 40  4 pg/mL in infected
patients not receiving HAART). The average concentration
in the HAART-treated patients was sevenfold higher than
that of the untreated HIV-infected individuals. Nevertheless,
we found that IL-21 concentrations for the treatment-naïve
patients also showed a significant positive correlation with
their CD4 T-cell counts (data not shown). These data show
that HAART enhances the concentrations of circulating IL-
21 in HIV-infected persons.
CD4 T-cell depletion is a hallmark of AIDS. This deple-
tion is believed to be responsible, at least in part, for the im-
munodeficiency seen in HIV-infected AIDS patients. De-
creased production of IL-21 in HIV-infected persons may
affect their ability to mount an effective antiviral immune re-
sponse and control HIV replication. The cytokine promotes
proliferation and accumulation of antigen-specific CD8 ef-
fector T cells (2). It also increases the survival and cytolytic
potential of these cells, especially in synergism with other
cytokines (e.g., IL-15 and IL-18) (14,15). Furthermore, the cy-
tokine also acts in synergy with these cytokines to enhance
cytolytic potential of NK cells (12). More importantly, IL-21
also induces differentiation of naïve CD4 T cells into Th-17
cells, which play an important role in inducing inflamma-
tion and control of invading pathogens (7). It is also well
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TABLE 1. CHARACTERISTICS OF THE PATIENTS
Patients CD4 (cells/L) Viral load (log 10) Clinical stage Duration
1 299 4.54 C2 4 y
2 345 3.60 C2 3 y
3 211 2.70 C2 ND
4 112 4.70 B3 4 y 6 mo
5 165 2.70 C3 5 y 7 mo
6 255 2.70 B2 ND
7 280 2.70 C2 ND
8 16 4.55 C3 6 y
9 463 2.70 C2 6 y
10 214 2.80 C2 3 y
11 248 4.85 B2 ND
12 343 2.80 B2 3 y
13 473 2.70 C2 10 y
14 271 2.70 B2 8 y 8 mo
15 72 3.56 C3 ND
16 211 2.70 C2 ND
17 154 3.56 C3 8 y 2 mo
18 180 4.84 A3 3 y
19 124 3.20 C2 3 y
20 746 2.70 C1 4 y
21 126 2.80 C3 4 y
22 86 4.20 B3 ND
23 177 4.30 C3 4 y
24 69 2.70 A3 3 y
25 420 2.70 C2 5 y
26 171 4.79 C3 4 y
27 230 3.08 B2 3 y 9 mo
Mean  SE 240  155 3.40  0.85
Median 211 2.80
Range 16–746 2.70–4.85
The clinical stages are as described in ref. 2a.
known that IL-21 has a significant influence on the regula-
tion of B-cell functions in vivo: it promotes differentiation of
B cells into memory and plasma cells, and suppresses IgE
production (4,5). Therefore IL-21 deficiency may be respon-
sible, at least in part, in inducing defective antiviral cellular
immunity and enhanced IgE levels, which are seen in HIV-
infected AIDS patients.
Our results suggest that serum IL-21 concentrations may
be used as a surrogate biomarker for CD4 T-cell counts and
AIDS progression in HIV-infected persons. It may give im-
portant information about the CD4 T-cell counts of the pa-
tients, especially in situations in which researchers or clini-
cians may have access only to serum samples of the patients.
The levels may also act as a measure of the patient’s response
to HAART or any other antiretroviral therapy. A decreased
production of IL-21 in these patients also suggests that re-
combinant human IL-21 may be considered as a therapeutic
agent to boost anti-HIV immune responses in HIV-infected
AIDS patients. It is noteworthy that a recent study has dem-
onstrated immune-enhancing effects of IL-21 when used as
an adjuvant in combination with an HIV env-expressing vac-
cinia virus (1). The recombinant virus induced strong anti-
HIV CTL responses and resisted viral challenge in a mouse
model when used along with an IL-21-expression plasmid.
This study also showed that IL-21 and IL-15 act in synergism
to increase antibody-dependent cellular cytotoxicity and
complement-dependent lysis of gp120-expressing target cells
through augmentation of Env-specific IgG antibody levels
(1). Moreover, unlike several other cytokines (e.g., IL-2 and
IL-12), IL-21 is less mitogenic, minimally enhances HIV repli-
cation, and is relatively safe in humans (our unpublished
data; 10).
In conclusion, serum IL-21 levels may serve as an impor-
tant immune parameter for determining progression of HIV
infection and response to antiretroviral therapy in HIV-in-
fected persons.
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Dynamics and Consequences of IL-21 Production in
HIV-Infected Individuals: A Longitudinal and
Cross-Sectional Study
Alexandre Iannello,*,† Mohamed-Rachid Boulassel,‡ Suzanne Samarani,*,† Olfa Debbeche,*,†
Ce´cile Tremblay,†,x Emil Toma,†,x Jean-Pierre Routy,‡ and Ali Ahmad*,†
IL-21 is a relatively newly discovered immune-enhancing cytokine that plays an essential role in controlling chronic viral infections.
It is produced mainly by CD4+ T cells, which are also the main targets of HIV-1 and are often depleted in HIV-infected individuals.
Therefore, we sought to determine the dynamics of IL-21 production and its potential consequences for the survival of CD4+
T cells and frequencies of HIV-speciﬁc CTL. For this purpose, we conducted a series of cross-sectional and longitudinal studies on
different groups of HIV-infected patients and show in this study that the cytokine production is compromised early in the course of
the infection. The serum cytokine concentrations correlate with CD4+ T cell counts in the infected persons. Among different
groups of HIV-infected individuals, only elite controllers maintain normal production of the cytokine. Highly active antiretroviral
therapy only partially restores the production of this cytokine. Interestingly, HIV infection of human CD4+ T cells inhibits
cytokine production by decreasing the expression of c-Maf in virus-infected cells, not in uninfected bystander cells. We also show
that the frequencies of IL-21–producing HIV-speciﬁc, but not human CMV-speciﬁc, Ag-experienced CD4+ T cells are decreased in
HIV-infected viremic patients. Furthermore, we demonstrate in this study that recombinant human IL-21 prevents enhanced
spontaneous ex vivo death of CD4+ T cells from HIV-infected patients. Together, our results suggest that serum IL-21 concen-
trations may serve as a useful biomarker for monitoring HIV disease progression and the cytokine may be considered for
immunotherapy in HIV-infected patients. The Journal of Immunology, 2010, 184: 114–126.
I
nterleukin-21 is a relatively recently discovered multifunc-
tional and pleiotropic cytokine. It is a member of the common
g-chain–using cytokine family that includes IL-2, IL-4, IL-7,
IL-9, and IL-15 (1, 2). The cytokine has been shown to exert sig-
niﬁcant immune-enhancing and immune-regulatory functions. It
promotes proliferation and accumulation of Ag-speciﬁc CD8+ ef-
fector T cells, and increases their survival and cytolytic potential,
especially in synergism with other cytokines, such as IL-15 and IL-
18 (3, 4). It can also promote differentiation of naive CD4+ T cells
into Th17 cells, which play an important role in inducing in-
ﬂammation and controlling invading pathogens (5, 6). Moreover,
the cytokine is needed for homeostatic expansion of Th17 cells (5,
7). IL-21, unlike IL-2, does not support proliferation of anti-CD3–
activated regulatory T cells that are involved in suppression of an-
tiviral immunity (8). In fact, the cytokine suppresses expression of
FOXP-3, a transcription factor necessary for the development and
differentiation of regulatory T cells (9). It is alsowell known that IL-
21 has a signiﬁcant inﬂuence on the regulation of B cell functions: It
promotes differentiation of Ag-stimulated B cells into memory and
Ab-secreting plasma cells, affects IgE production, and induces Ig
switch to IgG1 and IgG3 production (10, 11). This cytokine also
inhibits activation and maturation of dendritic cells but increases
activation of macrophages and their IL-8 production (12, 13).
Several in vivo studies in animal models have shown that IL-21 is
essential for controlling chronic viral infections (14–16).
HIV-1 is the etiological agent ofAIDS in humans. The infection is
usually accompanied by changes in the production of several im-
munologically important cytokines, such as IL-15, TNF-a, IL-4, IL-
12, IL-10, IL-18, and TGF-b1. Today, the production of many of
these cytokines is known to be dysregulated in HIV-infected in-
dividuals. These cytokine disturbances play an important role in the
pathogenesis of AIDS in HIV-infected individuals (17–19).
Learning about these disturbances helps in understanding the
mechanism of the disease as well as in devising novel, rational, and
knowledge-based immunotherapies. Studies have demonstrated
that CD4+ T cells are the main producers of IL-21 in the human
body (1, 20, 21). It is noteworthy that these cells are also main
targets of HIV infection. The virus replicates primarily in CD4+
T cells in HIV-infected individuals. The cells undergo rapid turn-
over and death even in early asymptomatic stages of the infection
(22–24). Depletion of CD4+ T cells in the circulation of HIV-
infected individuals is a hallmark of AIDS (25). The depletion of
CD4+ T cells is likely to result in a decreased production of IL-21.
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Indeed, on the basis of results from a small cross-sectional study, we
reported earlier that serum levels of the cytokine were signiﬁcantly
reduced in patients with chronic HIV infection (26). We have now
performed much larger cross-sectional and longitudinal studies to
better understand the dynamics of cytokine production in different
stages of the infection. In this paper, we show that concentrations of
this cytokine are decreased in the circulation of HIV-infected in-
dividuals soon after infection and in general follow the kinetics of
the CD4+ T cell counts of infected persons in all groups. In-
terestingly, we found that the elite controllers (EC; see below)
maintain normal levels of the cytokine in their circulation. Our
results also show that highly active antiretroviral therapy (HAART)
causes a partial restoration of IL-21 levels in these patients. More
importantly, we have discovered that in vitro infection of human
PBMCs and puriﬁed CD4+ T cells with the virus reduces their
production of IL-21 at both mRNA and protein levels. The infection
reduces expression of the transcription factor c-Maf, which is
known to play a key role in transcriptional activation of the IL-21
gene in CD4+ T cells (27). We found decreased frequencies of IL-
21–producing HIV-speciﬁc Ag-experienced CD4+ T cells in HIV-
infected viremic patients, compared with frequencies of the cells
speciﬁc for the human CMV (HCMV). We also provide experi-
mental evidence to indicate that IL-21 protects primary human
CD4+ T cells in vitro from undergoing spontaneous apoptosis. In
vitro, the cytokine restores survival of CD4+ T cells from HIV-in-
fected patients comparable to survival of cells from HIV-seroneg-
ative healthy subjects. Finally, we demonstrate that decreased
serum concentrations of IL-21 have consequences for the frequency
and functionality of HIV-speciﬁc CTL in HIV-infected individuals.
These results suggest that a reduced production of IL-21 in HIV-
infected persons may be at least one reason for the decreased sur-
vival of their CD4+ T cells and may adversely affect their antiviral
CTL responses as well.
Materials and Methods
Cell cultures and HIV infection
All cells used in this study were cultured at 37˚C in humidiﬁed atmosphere
containing 5% CO2. PBMCs were obtained from the peripheral blood of
donors by centrifugation over a Ficoll-Hypaque (Pharmacia, Montreal,
Quebec, Canada) cushion, as described earlier (28). After washing with
PBS, the cells were cultured in RPMI 1640 culture medium (Life Tech-
nologies, Burlington, Ontario, Canada) supplemented with 10% heat-
inactivated FBS. The cells were activated with PHA (10 mg/ml) and IL-2
(100 U/ml) for 3 d. For some experiments, human CD4+ T cells were
isolated by negative selection using a kit (Stem Cell Technology, Van-
couver, British Columbia, Canada). The puriﬁed CD4+ T cells, which were
.96% positive for CD4 expression, were infected in vitro with a T-tropic
HIV-1 strain (NL4.3). The cells were infected for 2 h at 37˚C with
a multiplicity of infection of 1 and were extensively washed with the
culture medium to remove residual virus. The infected cells were in-
cubated at 37˚C for different lengths of time.
Abs, reagents, and recombinant cytokines
The Abs used in this study were purchased and included the following:
FITC-conjugated mouse anti-CD3, APC-conjugated mouse anti-CD4, PE-
conjugated mouse anti-CD3, anti-IL-2, anti-IL-4, anti-IL-21 and anti-IFN-
g from eBioscience (San Diego, CA), FITC-conjugated mouse anti-HIV–
1 p24 from Thermo Scientiﬁc (Rockford, IL), FITC-conjugated mouse
anti-CD4, PE-conjugated mouse anti-human IL-21Ra chain and 7-
aminoactinomycin D (7-AAD) from BD Biosciences (Mississauga, On-
tario, Canada), rabbit anti-human c-Maf from Santa Cruz Biotechnology
(Santa Cruz, CA), FITC-conjugated goat anti-rabbit IgG from Sigma-
Aldrich (St. Louis, MO), and mouse anti-human GAPDH from Ambion
(Austin, TX). The recombinant human (rh) cytokines used for this study
were also purchased: rhIL-2 from Hoffmann-La Roche (Mississauga,
Ontario, Canada) and rhIL-21 from BioSource International (Camarillo,
CA). PHA-L, brefeldin A, and ionomycin were purchased from Sigma-
Aldrich, and 3TC was obtained from the AIDS and Cancer Virus Program
(National Cancer Institute, Frederick, MD).
Patients and sera collection
A total of 127 serum samples from a cross section of HIV-infected AIDS
patients were used in this study. These patients represented different
durations of the infection and included 32 patients with primary infection
(PI; deﬁned as being within 6 mo of date of infection and receiving no
HAART), 41 chronically infected (CI) patients (having infection for.6 mo
and naive for HAART), 34 CI patients receiving HAART (CI-H), and 20
long-term nonprogressors (LTNP; infected for .7 y, not receiving
HAART, and without having any AIDS-deﬁning condition; Table I). LTNP
could be further classiﬁed into three subgroups, depending on their viral
loads and CD4+ T cell counts: slow progressors (SP; with viral load be-
tween 51 and 3000 copies/ml), normal progressors (NP; with viral load
between 3,000 and 50,000 copies/ml), and EC (with CD4. 500 cells/mm3
and viral load , 50 copies/ml). Sera from 38 adult HIV-seronegative
healthy subjects were used as controls for this study. CD4+ T cells were
enumerated by ﬂow cytometry, according to the quality assessment pro-
gram for T cell subset enumeration (Canadian National Laboratory for
HIV-1 Analytical Cytology, Ottawa, Ontario, Canada). Plasma viral load
was measured using the Roche Amplicor Assay (Roche Diagnostics,
Laval, Quebec, Canada). The date of infection was determined following
the guidelines proposed by the Acute HIV Infection and Early Disease
Research Program sponsored by the Division of AIDS of the National
Institute of Allergy and Infectious Disease. The study was approved by the
Institutional Ethics Committee, and peripheral blood samples were ob-
tained from the study participants after their written and informed consent.
Measuring IL-21 concentrations
The concentrations of IL-21 were determined in serum samples and culture
supernatants, using a commercial ELISA kit (eBioscience). The lower
detection limit of the kit was 31 pg/ml.
Flow cytometry
For this purpose, 106 cells were incubated with ﬂuorochrome-conjugated
Abs for 45 min on ice and washed three times with PBS containing 0.05%
BSA and 0.002% sodium azide. Intracellular stainings were performed
with the Cytoﬁx/Cytoperm Kit (BD Biosciences). The washed cells were
resuspended in 2% paraformaldehyde (PFA) and analyzed by ﬂow cy-
tometry using a FACSCalibur (BD Biosciences). CellQuest Pro software
(BD Biosciences) was used to collect and analyze the ﬂow cytometry data.
Western blotting
The expression of different proteins was analyzed by Western blotting, as
described inour earlier publications (29).Brieﬂy, 53106 cellswere incubated
in the culture medium with and without treatment, as detailed in individual
experiments. At different time points postincubation, the cells were washed
with PBS and lyzed in a lysis buffer containing Tris HCl (pH 6.8; 50 mM),
SDS (2%), leupeptin (1mg/ml), PMFS (1mM), and pepstatin (1mg/ml). The
lysates were clariﬁed by centrifugation at 14,000 3 g for 15 min. Protein
concentrations in the lysates were determined using a commercial kit (Pierce,
Nepean, Ontario, Canada). Forty micrograms of the lysate proteins were
mixed with 23 SDS-PAGE sample loading buffer containing 1 mM dithio-
threitol, boiled, run on 12% polyacrylamide gels, and electroblotted onto
polyvinylidene diﬂuoride membranes (Immobilon-P; Millipore, Ontario,
Canada). After the membranes were blocked in 1% casein for 2 h at room
temperature, they were incubated on a shaker with human protein-speciﬁc
Abs at 4˚C overnight. The protein bands were revealed by autoradiography
using biotinylated secondary Abs and a commercial chemiluminescent kit
(Vectastain ABC-AmP; Vector Labs, Burlington, Ontario, Canada). In-
dividual bands on the x-ray ﬁlms were quantiﬁed by densitometry.
Real-time quantitative RT-PCR
Themethod was used tomeasure IL-21 mRNA in cells. For this purpose, total
RNAwasextractedfromthecellswithakit(RNeasyMicroKit,Qiagen,Ontario,
Canada), and cDNA was synthesized using the QuantiTect Reverse Tran-
scription Kit (Qiagen). The QuantiTect SYBR Green PCR Kit (Qiagen) was
usedtoanalyzecDNAbyreal-timequantitativePCRwithasetofprimersfor the
human IL-21 gene. The primers were designed across introns of the gene and
were as follows: forward 59-ACTGGTCCACAAATCAAGCTCCCA-39 and
reverse 59-TTCTGGAGCTGGCAGAAATTCAGG-39. Samples for RT-PCR
were run on the SmartCycler Mx3000P (Stratagene, La Jolla, CA), and ex-
pression of the IL-21 gene was normalized to that of a human housekeeping
gene,GAPDH. The primers used to amplifyGAPDHwere as follows: forward
59-ATCGTGGAAGGACTCATGACCACA-39 and reverse 59-TAGAGGCA-
GGGATGATGTTCTGGA-39. Error bars were calculated based on triplicate
measurements for each gene.
The Journal of Immunology 115
 on A
pril 26, 2010 
w
w
w
.jim
m
unol.org
D
ow
nloaded from
 
siRNA and transfection
In some experiments, small interfering RNA (siRNA) was used to inhibit
expression of c-Maf in puriﬁed human CD4+ T cells. Five million CD4+
T cells isolated from PBMCs were transfected with 30 pmol of the c-Maf–
speciﬁc or control siRNA duplexes (Santa Cruz Biotechnology), using
a commercial transfection kit and the Nucleofector device (T Cell Nu-
cleofector Kit; Amaxa, Gaithersburg, MD) following the supplier’s in-
structions. The protocol U-014, which ensures high viability, was used.
Quantiﬁcation of IL-21–producing Ag experienced HIV- and
HCMV-speciﬁc CD4+ T cells
Fifty million frozen PBMCs from each of HAART-naı¨ve, HIV-infected
viremic patients (ﬁve) and HIV-seronegative healthy donors (ﬁve) were
rapidly thawed and incubated with PBS, HCMV lysate, or HIV-1 lysate.
The viral lysates were obtained from Advanced Biotechnologies (Co-
lumbia, MD) and were used at 10 mg/ml. Anti-CD28 and anti-CD49d Abs
(each at 1 mg/ml; from eBioscience) were added to the cultures. The
cultures were incubated at 37˚C in humidiﬁed 5% CO2 atmosphere for 10
h. Brefeldin A (1 mg/ml) was added to the cultures in the last 4 h of the
incubation period. Postincubation, the cells were washed with PBS, and
CD4+ T cells were isolated by negative selection using a commercial kit
(Stem Cell Technology). The isolated CD4+ T cells (96% pure or more)
were stained with APC-conjugated anti-CD27, FITC-conjugated anti-
CCR7 (both from eBioscience), and PerCP-conjugated anti-CD45RA
(BioLegend, San Diego, CA). The stained cells in each treatment were
divided into two aliquots and were stained intracellularly using Cytoﬁx/
Cytoperm Kit (BD Biosciences) with PE-conjugated IL-21 (eBioscience)
or with PE-conjugated IFN-g (eBioscience). The cells were washed, re-
suspended in 2% PFA, and analyzed by ﬂow cytometry using FACSCa-
libur (BD Biosciences). Live cells were gated for three different Ag-
experienced phenotypes (CD27+CD45RA2CCR7+, CD27+CD45RA2
CCR72 or CD272CD45RA2CCR72) (30) and analyzed for the in-
tracellular expression of IL-21 or IFN-g. For each phenotype, 105 events
were acquired.
Measuring frequencies and functionality of HIV-speciﬁc CTL
For this purpose, we selected six HIV-infected individuals who had high
(155, 210, and 189 pg/ml) or low (31, 18, and 29 pg/ml) serum concen-
trations of IL-21. These patients were viremic and HAART naive. Ten
million PBMCs from each of the HIV-infected individuals and three HIV-
seronegative healthy donors were rapidly thawed, washed with sterile PBS
(pH 7.3), and incubated in the culture medium containing vehicle (DMSO)
or 0.20 mg/ml of each of the 48 20-mer overlapping peptides corre-
sponding to the entire amino acid sequence of the HIV-1 (HxB-2) Gag
protein (obtained from the AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, National Institute of Allergy and Infectious
Disease, National Institutes of Health; Catalogue # 3992). Anti-CD28 and
anti-CD49d Abs (each at 1 mg/ml; from eBioscience) were added to the
cultures. The cultures were incubated at 37˚C in humidiﬁed 5% CO2 at-
mosphere for 10 h. Brefeldin A (1 mg/ml) was added to the cultures in the
last 4 h of the incubation period. Postincubation, the cells were washed
with PBS and stained with FITC-conjugated anti-CD8 and PE-Cy7-
conjugated anti-CD3 Abs (both from eBioscience). The cells were also
stained intracellularly using the Cytoﬁx/Cytoperm Kit (BD Biosciences)
with APC-conjugated anti-IL-2 and PE-conjugated IFN-g Abs (both from
eBioscience). The cells were then washed with PBS, resuspended in PBS
containing 2% PFA, and analyzed by ﬂow cytometry using FACSCalibur
(BD Biosciences). Live cells were gated for CD8+CD3+ T cells and ana-
lyzed for frequencies of the cells expressing IL-2, IFN-g and both IL-2 and
IFN-g from 105 events.
Statistical analysis
Group means were compared using ANOVA, and Pearson’s correlation
between two parameters was determined with the software PRISM
(GrapPad, San Diego, CA). Differences and correlations were deemed
signiﬁcant at p # 0.05.
Results
Levels of circulating IL-21 are decreased in HIV-infected
patients
First, we conducted a cross-sectional study and measured serum
levels of IL-21 in 127 sera from HIV-infected patients and in 38
sera from age-matched HIV-seronegative healthy subjects. The
serum samples obtained from HIV/AIDS patients represented
different disease conditions, as described in Table I in Materials
and Methods. The average concentrations of the cytokine for the
control and different groups of the patients are shown in Fig. 1A.
Sera from PI patients showed signiﬁcantly decreased (p , 0.001)
levels of IL-21, compared with sera from healthy subjects (91 6
54 versus 496 6 189 pg/ml, respectively). The average concen-
tration in this infected group sera was approximately one-ﬁfth that
of the control sera. Similarly, signiﬁcantly decreased (p , 0.001)
levels of IL-21 were observed for chronic HIV infection patients
naive for HAART, compared with healthy subjects (56 6 29
versus 496 6 189 pg/ml, respectively). The average IL-21 level in
this infected group sera was approximately one-ninth that of the
control sera. Decreased levels of the cytokine were also observed
in CI-H patients, compared with healthy subjects (303 6 143
versus 496 6 189 pg/ml, respectively). The difference between
mean levels of IL-21 for these two groups of sera was statistically
signiﬁcant (p , 0.001). Interestingly, the average IL-21 level of
the group receiving HAARTwas ∼3–4-fold higher than that of CI
patients who were naive for HAART. Sera from the HAART-re-
ceiving patients also showed ∼3–4-fold higher average IL-21
content, compared with the average value for sera from PI pa-
tients. These results suggest positive restorative effects of the
antiviral treatment on the serum levels of IL-21. Nevertheless,
levels of IL-21 in patients receiving HAART still remained sig-
niﬁcantly lower (p , 0.001) compared with those of healthy do-
nors, suggesting that HAART causes a partial restoration of IL-21
production in infected persons. Of note, the average serum IL-21
level for the LTNP group was signiﬁcantly higher (p , 0.001)
than that for either CI or PI patients. The average levels, however,
were lower than those of the control group and patients who had
received HAART (Fig. 1A). The median values of cytokine con-
centration, as well the quartile ranges for the study participants,
are shown in Supplemental Fig. 1.
On the basis of viral loads and CD4+ T cell counts, we classiﬁed
LTNP into three groups―NP, SP, and EC―as described in Mate-
rials and Methods. A comparison of cytokine levels in the sera of
these groups is shown in Fig. 1B. A progressive increase in the
average serum levels of the cytokine from NP to EC is quite ev-
ident. These levels are lower in NP and SP than in healthy control
subjects (p , 0.001). Interestingly, IL-21 concentrations in the EC
were not signiﬁcantly different from those in healthy subjects
Table I. HIV-infected patients
Category
No. of
Patients
Main Clinical Features
Aa Ba
PI 32 Median: 381 Median: 29,799
Range: 3–854 Range: 156–511,143
CI 41 Median: 312 Median: 28,348
Range: 92–1261 Range: 267–500,000
CI-H 34 Median: 303 Median: 2400
Range: 86–653 Range: 500–457,000
LTNP
NP 6 Median: 545 Median: 32,500
Range: 400–990 Range: 4228–50,125
SP 8 Median: 613 Median: 970
Range: 400–1150 Range: 90–9314
EC 6 Median: 810 ,50
Range: 430–850
The infection was deﬁned PI if it had been within 6 mo of the time of serocon-
version and CI if it had been .6 mo.
aA and B indicate CD4+ T cell counts (cells/ml) and viral loads (HIV-1 RNA
copies/ml), respectively.
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(p . 0.05) and were ∼5-fold higher than those of NP (370 6 191
versus 71 6 10 respectively; p , 0.05). The average IL-21 con-
centration in EC was also higher than that in SP (370 6 191
versus 197 6 70 pg/ml, respectively; p , 0.05). These data
suggest that serum IL-21 concentrations remain elevated in HIV-
infected patients who are efﬁciently controlling the infection. This
ﬁnding may indicate a role for this cytokine in antiviral immunity
and in delaying AIDS progression.
CD4+ T cells are recognized as the main producers of IL-21 in
the human body. The cell numbers are known to decrease in HIV-
infected individuals. This prompted us to determine whether
a correlation existed between the serum concentrations of this
cytokine and CD4+ T cell counts in these patients. As shown in
Fig. 1C–F, we found signiﬁcant positive correlations between the
two parameters for all groups of patients: (p = 0.0057; r = 0.47 for
PI patients; Fig. 1C), (p , 0.0001; r = 0.66 for CI patients; Fig.
1D), (p , 0.0001; r = 0.72 for CI-H; Fig. 1E), and (p = 0.01; r =
0.54 for LTNP; Fig. 1F). Correlations between cytokine levels and
CD4+ T cell numbers were also signiﬁcant (p = 0.005; r = 0.25)
when we considered the two parameters for all HIV-infected pa-
tients irrespective of infection stage and use of antiretroviral
therapy (Fig. 1G). The correlations, however, were nonsigniﬁcant
(p . 0.05) between IL-21 levels and viral loads and between
serum cytokine levels and total CD8+ T cell counts (also see be-
low) for all groups of patients (data not shown).
FIGURE 1. Serum IL-21 concen-
trations in HIV-infected patients. IL-21
concentrations were determined in serum
samples using a commercial ELISA kit. A,
Average concentrations 6SD of IL-21 in
the sera of 38 control (CONT) subjects,
32 PI patients, 41 CI patients, 34 CI-H, and
20 LTNP. Average concentrations differed
signiﬁcantly between the different in-
fected groups of patients and CONT sub-
jects (p , 0.0001). B, Average
concentrations6SD of IL-21 in the sera of
38 CONT subjects and the three groups of
LTNP representing 6 SP, 8 NP, and 6 EC.
Average concentrations of the CONT
group differed signiﬁcantly from those of
NP and SP donors (p, 0.0001). Pearson’s
correlation between concentrations of IL-
21 and CD4+ T cell counts is given for PI
patients (C), CI patients naive for HAART
(D), CI-H (E), LTNP (F), and all HIV-in-
fected patients (G). The two parameters
showed a statistically signiﬁcant correla-
tion for all groups of patients: (p = 0.0057;
r = 0.47 for PI), (p , 0.0001; r = 0.66
for CI), (p , 0.0001; r = 0.72 for CI-H),
(p = 0.01; r = 0.54 for LTNP), and (p =
0.005; r= 0.25 for all patients). The dashed
lines indicate 90% conﬁdence limit.
FIGURE 2. Kinetics of serum IL-21, CD4+ T cell counts, and viral loads
in treatment-naive HIV-infected patients after start of infection. Serum IL-
21 concentrations from nine patients naive for HAARTwere determined at
indicated time points from their day of infection (time zero) until 28 mo.
Shown are median values from nine patients for serum IL-21, CD4+ T cell
counts and plasma viral loads. The arrow in the graph indicates end of
duration of PI (6 mo postinfection).
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IL-21 concentrations start decreasing early in the course of
primary HIV infection and correlate positively with CD4+ T
cell counts
We investigated the kinetics of IL-21 production in treatment-naive
HIV-infected patients by analyzing their sera taken longitudinally
at different time points (until 28 mo) after the date of their infection
(time zero). These patients did not belong to the cohort who were
participants in the cross-sectional study mentioned above. Fig. 2
shows median values from nine patients for serum IL-21, CD4+ T
cell counts, and plasma viral loads. Mean values of these pa-
rameters as well as values for each of the patients are given in
Supplemental Figs. 2 and 3, respectively. These data show that IL-
21 concentrations start decreasing early in the course of the PI. In
almost all cases, cytokine concentrations decreased progressively
over time. The decrease in IL-21 levels is accompanied by
a concomitant decline in the numbers of CD4+ T cells. Serum
cytokine levels and viral loads, however, showed no consistent
trend with respect to each other in untreated HIV-infected patients.
Collectively, these data suggest that IL-21 levels decrease pro-
gressively with time, starting early in the course of the infection,
and are accompanied by loss of CD4+ T cells.
HAART stops decreases in serum IL-21 concentrations and
increases them progressively after beginning treatment
To investigate the impact of HAARTon IL-21 concentrations in the
serum, we followed up and measured cytokine levels in the sera of
eight HIV-infected patients before and after HAART. The changes
observed in serum IL-21 concentrations, plasma viral loads, and
CD4+ T cell counts are summarized in Fig. 3. Mean values and
values for each HIV-infected individual are shown in Supple-
mental Figs. 4 and 5, respectively. These data suggest that levels
of the cytokine increased progressively with time after beginning
FIGURE 3. Kinetics of serum IL-21, CD4+ T cell counts, and viral loads
in CI patients before and after HAART. IL-21 concentrations, CD4+ T cell
counts, and plasma viral loads were determined longitudinally at the in-
dicated time points for 28 mo after the day of infection. The vertical dotted
line indicates end of duration for PI (6 mo postinfection). The letter T on
the x-axis indicates start of HAART. Shown are median values for serum
IL-21 levels, CD4+ T cell counts, and plasma viral loads. T+1, T+2, and T
+3 indicate ﬁrst, second, and third time points for serum collection after
initiation of HAART. T-1 and T-2 indicate time points prior to initiation
of HAART.
FIGURE 4. IL-21 production per CD4+ T cell decreases in HIV-infected patients. A, PBMCs from 10 patients in each group (PI, CI, and CI-H), 20 LTNP
(6 SP, 8 NP, and 6 EC), and 10 healthy CONT subjects were incubated ex vivo in the culture medium containing ionomycin (1 mg/ml) for 24 h. After 24 h,
the cells were treated with brefeldin A (1 mg/ml) for 4 h, washed, and stained with FITC-conjugated anti-CD3 and APC-conjugated anti-CD4 Abs. The
cells were washed, permeabilized, and stained with PE-conjugated anti-IL-21 Abs. IL-21 expression was measured by ﬂow cytometry from 10,000 events
gated on live CD3+CD4+ cells. Shown in A are gating for CD3+CD4+ T cells and intracellular staining for PE-conjugated isotype-matched Abs and for PE-
conjugated anti–IL-21 Abs. B, Averages 6SD of mean ﬂuorescence intensities (MFI) of IL-21–positive cells in different groups of donors. C, The MFI
values for healthy CONT subjects, NP, SP, and EC patients. The average MFI of the CONT group differed signiﬁcantly only from that of the NP donors (p
, 0.001). D, IL-21 mRNA from 1 million PBMCs was measured by real-time RT-PCR in 10 subjects from each group of donors. The mRNA expression
was normalized to GAPDH mRNA levels. IL-21 mRNA is shown in arbitrary units for each group of study participants. Important signiﬁcantly different
pairs of means are shown on the right side of the panels.
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antiviral treatment. This rise in IL-21 concentration is accompa-
nied by an increase in the number of CD4+ T cells in most patients
posttherapy. Interestingly, at the time points at which IL-21 con-
centrations start augmenting posttreatment, we also observe the
beginning of a decline in plasma viral loads in these patients.
CD4+ T cells from HIV-infected patients have a decreased
ability to produce IL-21
A signiﬁcant positive correlation between CD4+ T cell counts and
serum IL-21 concentrations, observed above, suggests that a de-
pletion of CD4+ T cells plays a role in decreased serum concen-
trations of the cytokine. However, decreased serum concentrations
may also result from reduced production of the cytokine by CD4+
T cells. Therefore, we compared the cytokine-producing capacities
of cells from HIV-infected subjects and from healthy subjects. For
this purpose, we isolated PBMCs from HIV-infected and healthy
control subjects, then cultured them in vitro in the presence of
ionomycin (1 mg/ml). Next, we stained the cells for CD3, CD4, and
intracellular IL-21 and examined them by ﬂow cytometry, as shown
in Fig. 4A. As seen in Fig. 4B, the expression of IL-21 was very low
in PI and CI patients, compared with healthy subjects (p, 0.001).
The average level of the cytokine in CI-H patients was elevated.
Nevertheless, the levels of IL-21 still remained signiﬁcantly lower
(p, 0.01) in patients receivingHAART than in healthy donors. The
average IL-21 level for LTNP was signiﬁcantly higher (p , 0.01)
than that for either the CI or the PI patients. A progressive increase
in the average intracellular levels of the cytokine in CD4+ T cells
fromNP to ECwas also observed (Fig. 4C). The SP and EC patients
also had elevated levels of IL-21 in CD4+ T cells, compared with
those seen in other groups (Fig. 4C). No positive signal for in-
tracellular IL-21was observed in CD3+CD42 and CD32 cells in the
PBMCs from HIV-infected as well as from HIV-seronegative
healthy individuals (data not shown).
We also measured IL-21 mRNA expression by quantitative real-
time RT-PCR in PBMCs obtained from different groups of patients,
and normalized it with respect to themRNAof a housekeeping gene,
GAPDH. As shown in Fig. 4D, the expression of IL-21 mRNA is
very low in PI and CI patients compared with healthy subjects (p,
0.001). The average level of the cytokine mRNA in CI-H patients
was elevated and was not statistically different (p. 0.05) from that
found in NP patients. Of note, SP and EC patients, compared with
other groups of patients, had elevated levels of the cytokine mRNA.
Again, EC expressed the same amount of IL-21 mRNA as that seen
in healthy donors (Fig. 4D). In general, the IL-21mRNA-producing
abilities of the PBMCs are in accord with intracellular expression of
the cytokine in CD3+CD4+ T cells in all groups of donors. Taken
together, these data suggest that low serum levels of IL-21 are also
due to an attenuated ability of the PBMCs, and more speciﬁcally of
CD3+CD4+ T cells, to produce IL-21 in HIV-infected patients. The
results also indicate that these cells in the EC group maintain their
ability to produce IL-21 at normal levels.
HIV infection decreases the ability of human CD4+ T cells to
produce IL-21
The decreased ability of CD4+ T cells to produce IL-21 in HIV-
infected individuals prompted us to investigate the effect of HIV
infection on these cells. For this purpose, we performed in vitro
infection of human CD4+ T cells puriﬁed from PBMCs after their
activation with PHA and IL-2 for 72 h. The PBMCs were obtained
from HIV-seronegative healthy donors. The cells were infected
with a T-tropic HIV-1 strain (NL4.3) with a multiplicity of in-
fection of 1. The infected cells were cultured for different lengths
of time in the presence of ionomycin (1 mg/ml). At each time
point, the numbers of viable cells were counted by Trypan blue
exclusion, and the culture supernatants were collected and
centrifuged to remove debris. The IL-21 concentrations of the
FIGURE 5. Effect of HIV infection on IL-21 production in CD4+ T cells. A, Human CD4+ T cells were puriﬁed from PHA and IL-2–activated PBMCs,
infected in vitro with a T-tropic HIV strain (NL4.3), washed, and cultured for different lengths of time in the presence of ionomycin (1 mg/ml) with and
without 3TC (200 nM). The IL-21 secretion was measured in the culture supernatants with an ELISA kit. At each time point, the numbers of live cells were
counted in the microcultures. The cytokine concentration was normalized with the number of live CD4+ T cells at each point. Concentrations of the
cytokine in the culture supernatants are shown at the indicated time points. B, IL-21 mRNA levels in HIV-infected and mock-infected CD4+ T cells
normalized to the GAPDH mRNA levels and the number of live CD4+ T cells in arbitrary units. C, Effect of in vitro HIV infection and 3TC (200 nM) on IL-
21 production (72 h postinfection) from human CD4+ T cells. The cytokine concentration was normalized with the number of live CD4+ T cells. D, Effect
of the infection and 3TC on IL-21 mRNA expression in human CD4+ T cells normalized to the GAPDH mRNA levels and the number of live CD4+ T cells
in arbitrary units. Essentially, similar results were obtained with three different healthy donors.
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culture supernatants were measured by ELISA, and IL-21 mRNA
was measured by real-time RT-PCR. As shown in Fig. 5A, we
observed a progressive decrease of IL-21 secretion from HIV-in-
fected PBMCs, especially 48 h (p , 0.01) and 72 h postinfection
(p , 0.001). We also measured IL-21 mRNA expression in vitro
postinfection at each time point and observed a progressive de-
cline in IL-21 mRNA production in the infected cells (p , 0.001)
(Fig. 5B). To determine whether HIV replication was necessary
for decreased IL-21 production, we infected PBMCs with and
without 3TC; a nucleoside reverse transcriptase inhibitor known to
block viral replication (31). The treatment with 3TC restored IL-
21 production in the cell culture supernatants (p, 0.01) as well as
FIGURE 6. HIV infection reduces expression of the transcription factor c-Maf. A, Human CD4+ T cells were isolated from human PBMCs after 72 h
activation with PHA (10 mg/ml) and IL-2 (100 U/ml). The cells were infected in vitro with a T-tropic HIV strain (NL4.3) and cultured at 37˚C in humidiﬁed
5% CO2 atmosphere in the presence of ionomycin (1 mg/ml) for 48 h. Brefeldin A (1 mg/ml) was added to the cell cultures for the last 2 h. Postincubation,
the cells were harvested, washed, and stained extracellularly for CD3 and intracellularly for HIV-1 p24 and IL-21, c-Maf, or IFN-g. The upper two panels
show the gating strategy. R1 indicates CD3+p242 cells selected from mock-infected cell cultures. R2 and R3 indicate the gates for CD3+p242 and CD3+
p24+ cells from HIV-infected cell cultures, respectively. The gated cells were analyzed for expression of intracellular IL-21, c-Maf, and IFN-g. For each
analysis, 10,000 gated cells were analyzed. The shaded area in each histogram indicates staining with an isotype-matched control Ab. The percentage of
cells positive for each marker is indicted in the respective panel. Note a downregulation of IL-21 and c-Maf but not of IFN-g in CD3+p24+ cells. B, Western
blots for expression of c-Maf and GAPDH in lysates from HIV-infected and mock-infected CD4+ T cells at the indicated time points. C, Ratios between c-
Maf and GAPDH expression after densitometric measurements of the Western blot bands shown in B. Essentially similar results were obtained with three
different healthy donors.
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IL-21 mRNA production in PBMCs (p , 0.001) (Fig. 5C, 5D). A
reduced production of the cytokine was also observed when ac-
tivated PBMCs from HIV-seronegative healthy subjects were in-
fected in vitro with HIV-1 (shown in Supplemental Fig. 6). Taken
together, these data suggest that HIV replication has a direct
suppressive effect on IL-21 production in CD4+ T cells at mRNA
and protein levels.
HIV infection decreases the expression of the transcription
factor c-Maf
We next wanted to investigate the mechanism involved in the HIV-
induced downregulation of IL-21 in CD4+ T cells. Recent studies
have shown that expression of c-Maf, the cellular homolog of the
avianviral oncogene v-Maf and the ﬁrst identiﬁedTh2-type cytokine-
speciﬁc transcription factor, is needed for activation of the IL-21
gene in CD4+ T cells (27, 32). The lack of expression of this factor
has been shown to cause a drastic downregulation of IL-21 pro-
duction in CD4+ T cells (27). Therefore, we sought to determine
whether HIV infection affected c-Maf expression. To this end, we
performed in vitro infection of CD4+ T cells puriﬁed from PHA and
IL-2–activated PBMCs obtained from healthy donors with HIV-1,
as described in Materials and Methods. After 24 h, the cells were
analyzed for their intracellular expression of cMaf, IFN-g, and IL-
21. As shown in Fig. 6A, infection with HIV-1 decreased the pro-
duction of c-Maf as well as of intracellular IL-21, compared with
mock-infected cells, but not of intracellular IFN-g. We also veriﬁed
the decreased expression of c-Maf in the infected cells by Western
blots at different time points postinfection (Fig. 6B). In these ex-
periments, we measured the expression of c-Maf relative to the
expression of the housekeeping gene GAPDH by densitometry of
their respective bands. The ratios between the expression of IL-21
and GAPDH at each time point are depicted in Fig. 6C. These data
clearly show that the expression of c-Maf increased with time in
mock-infected cells, which correlates with a progressive increase in
IL-21 levels secreted in the cell supernatants (Fig. 5A). Note that
these cells have been cultured in the presence of ionomycin. How-
ever, the infection caused a progressive decrease in the expression of
this factor in puriﬁed CD4+ T cells. Fig. 6A also shows that HIV
infection of CD4+ T cells does not affect their IFN-g production.
Furthermore, it reveals that in HIV-infected CD4+ T cell cultures,
noninfected cells (CD32 p242 cells) retain their ability to produce
IL-21 and maintain normal expression of c-Maf. Taken together,
these data suggest that HIV-induced decreased expression of IL-21
is mediated, at least in part, by decreased expression of c-Maf, and it
happens only in virus-infected cells, not in noninfected bystander
cells.
Inhibition of c-Maf expression by siRNA downregulates
intracellular expression of IL-21
We further sought to determine whether inhibition of c-Maf ex-
pression results in decreased expression of IL-21 in human CD4+
T cells. For this purpose, we isolated human CD4+ T cells from
PBMCs obtained from HIV-seronegative healthy subjects. We
transfected them with a c-Maf–speciﬁc or control siRNA (both
from Santa Cruz Biotechnology), as described in Materials and
Methods. Transfection of the siRNA vector resulted in ∼80–90%
decrease in the expression of c-Maf in the transfected cells (Fig. 7A
and data not shown). We cultured the transfected cells in vitro in the
presence of ionomycin (1 mg/ml) for 24 h and then harvested the
cells. The cells were washed and divided into aliquots. The aliquots
were stained intracellularly for IL-21, IL-2, or IL-4. As shown in
Fig. 7B, the c-Maf siRNA–transfected cells downregulated their
expression of IL-21 and IL-4, but not of IL-2. These and previous
results suggest that c-Maf–speciﬁc siRNA and HIV-1 infection both
induced downregulation of c-Maf, which speciﬁcally down-
regulated the expression of c-Maf–regulated genes (IL-21 and IL-4)
but not of c-Maf–unaffected genes (IL-2 and IFN-g).
Loss of IL-21–producing HIV-speciﬁc CD4+ T cells in HIV-
infected individuals
We compared percentages of IL-21– and IFN-g–producing Ag-
experienced HIV-1 and HCMV-speciﬁc CD4+ T cells after in vitro
stimulation of PBMCs with viral lysates, as detailed in Materials
and Methods. The results from ﬁve HIV-infected HAART-naive
viremic individuals (different from those participating elsewhere
in this study) and ﬁve HIV-seronegative healthy controls are
shown in Table II. The mean percentages of all subsets of HIV-
speciﬁc IL-21–producing Ag-experienced CD4+ T cells are sig-
niﬁcantly reduced (p , 0.01) compared with HCMV-speciﬁc cells
in HIV-infected individuals. However, we did not observe a sig-
niﬁcant difference between mean percentages of HIV-speciﬁc and
HCMV-speciﬁc IFN-g–producing cells in HIV-infected in-
dividuals. Only one subset of HCMV-speciﬁc Ag-experienced
CD4+ T cells (CD272CD45RA2CCR7–) were signiﬁcantly re-
duced (p , 0.01) in HIV-infected individuals, compared with the
same subset in healthy donors.
FIGURE 7. Inhibition of c-Maf expression in human
CD4+ T cells downregulates IL-21 expression. CD4+
T cells were isolated from the PBMCs of an HIV-se-
ronegative healthy donor, using a kit. The cells were
transfected with c-Maf–speciﬁc or control siRNA du-
plexes. Posttransfection, the cells were cultured in vitro
with ionomycin (1 mg/ml). After 24 h, the cells were
treated for 4 h with brefeldin A, washed with PBS, and
divided into three aliquots. Each aliquot was stained
intracellularly for IL-21, IL-2 (negative control), or IL-
4 (a positive control). A, Expression of c-Maf and
GAPDH by Western blots in untransfected CD4+
T cells (lane 1), the control siRNA-transfected cells
(lane 2), and c-Maf siRNA-transfected cells (lane 3).
B, Expression of intracellular IL-21, IL-2, or IL-4 in
the transfected cells. The shaded area in each panel
indicates staining for an isotype-matched control Ab.
Note that a diminished expression of c-Maf results in
a decreased expression of IL-21 and of another c-Maf–
regulated cytokine, IL-4, but not of IL-2, which is not
regulated by c-Maf.
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IL-21 increases survival of CD4+ T cells
Studies have shown that members of the g-chain–using cytokine
family (like IL-7 and IL-15) play a crucial role in the survival of
T cells (33, 34). Furthermore, it is also known that circulating
lymphocytes (including both CD4+ T cells and CD8+ T cells) from
HIV-infected individuals undergo accelerated spontaneous apo-
ptosis, compared with cells from HIV-seronegative healthy in-
dividuals, when these cells are cultured ex vivo under suboptimal
conditions (e.g., reduced serum concentrations) (33–35). Therefore,
we sought to investigate whether IL-21 could promote CD4+ T cell
survival in HIV-infected individuals. For this purpose, PBMCs from
healthy andHIV-infected patientswere isolated and cultured ex vivo
in the medium RPMI 1640 with 1% FCS with and without IL-21.
After 72 h, the cells were harvested and stained for CD3, CD4, and
7-AAD. The percentages of dead (positive for 7-AAD) CD3+CD4+
cells were determined by ﬂow cytometry. Fig. 8B shows cell death in
CD3+CD4+ T cells with and without IL-21 addition in three healthy
and three HIV-infected donors. The addition of IL-21 reduced cell
death in CD3+CD4+ T cells in all healthy and HIV-infected donors.
The average percentages of live CD4+ T cells with and without the
cytokine addition for healthy and HIV-infected donors are shown in
Fig. 8C. It is noteworthy that IL-21 restores the percentage of live
CD4+ T cells comparable to that seen in IL-21–treated PBMCs
obtained from HIV-seronegative healthy donors. The cytokine in-
creased the percentages of live CD4+ T cells by 2.5-fold in PBMC
cultures from healthy donors, whereas the increasewas∼6.0-fold in
PBMC cultures from HIV-infected donors. Taken together, these
data show that IL-21 exerts a prosurvival effect on CD4+ T cells
from both healthy and HIV-infected patients.
Expression of IL-21R increases on CD4+ T cells in HIV-
infected individuals
Decreased production of a cytokine often results in increased
expression of its receptor on target cells. Therefore, we investigated
whether a decreased production of IL-21 in HIV-infected indi-
viduals affects the expression of the cytokine receptor on CD4+
T cells. It is noteworthy that CD4+ T cells not only are major
producers of the cytokine but also are its major target cells in the
body. We compared the expression of the IL-21R on PBMCs
obtained from HIV-infected and control subjects by ﬂow cy-
tometry after staining them for different ﬂuorochrome-conjugated
Abs against CD3, CD4, and IL-21Ra-chain. As shown in Fig. 9,
CD3+CD4+ T cells from HIV-infected individuals demonstrate
increased expression of the receptor, compared with cells from
HIV-seronegative healthy individuals. Expression is signiﬁcantly
higher (p, 0.01) on CD4+ T cells from PI and CI patients than on
cells from HIV-seronegative healthy controls.
HIV-infected individuals with higher serum levels of IL-21
have higher frequencies of HIV-speciﬁc CTL
We measured the frequencies of HIV-speciﬁc CTL (CD3+CD8+
T cells) expressing IL-2, IFN-g, and both together, as described in
Materials and Methods. The HIV-speciﬁc CTL responses were
clearly detectable in the PBMCs of all six HIV-infected in-
dividuals (Fig. 10). Frequencies of CTL responding to HIV-1
peptides in the control donors were almost similar to those seen in
vehicle-treated PBMCs (data not shown). Furthermore, frequen-
cies of the HIV-speciﬁc CTL producing single (IFN-g or IL-2) as
well as double cytokines (IFN-g and IL-2) were signiﬁcantly
higher (p , 0.05) in HIV-infected patients with high levels of
serum IL-21 than in HIV-infected individuals with low serum
cytokine levels (Fig. 10B, 10C). These data suggest that IL-21
promotes higher frequencies, as well as functionality, of HIV-
speciﬁc CTL in HIV-infected individuals.
Discussion
The present study conﬁrms earlier results from our laboratory (26),
in which we showed decreased serum levels of IL-21 in HIV-
infected individuals compared with those observed in HIV-
seronegative healthy subjects. However, the earlier study was
based only on a limited number of sera taken from a cross section
of patients with chronic HIV infection. We extended our inves-
tigations to larger cohorts of patients, encompassing those with PI,
CI, CI-H, and different categories (NP, SP, and EC) of LTNP. We
also performed longitudinal studies on patients with PI who were
or were not receiving HAART. Our results show for the ﬁrst time
that IL-21 production becomes compromised in early stages of the
infection. Sera from all groups of HIV-infected patients showed
decreased concentrations of the cytokine, compared with sera
from HIV-seronegative healthy subjects. In this regard, only EC
did not show a signiﬁcant decrease in IL-21 levels in their sera.
Longitudinal studies, as well as comparison between CI patients
with and without HAART, revealed that HAART tended to in-
crease serum concentrations of the cytokine, but only partially.
Consistent with our results, partial restoration of other cytokines
like IL-2 and IL-15 has also been observed in HIV-infected pa-
tients upon receiving HAART (36–39).
In all groups of HIV-infected individuals studied, we observed
a strong correlation between CD4+ T cell counts and serum IL-21
concentrations. The correlationwas also observedwhen serum IL-21
levels andCD4+ T cell counts of all HIV-infected patientswere taken
into consideration irrespective of clinical stage and HAART. These
results strongly suggest that serum IL-21 levels could be used as
surrogate markers for monitoring loss of CD4+ T cells, disease pro-
gression, and immune reconstitution in HIV-infected individuals.
Table II. Cytokine production by HCMV- and HIV-1–speciﬁc Ag-experienced CD4+ T cells in viremic patients
Ag-Speciﬁc CD4+ T Cell Subsets
CD27+CD45RA-CCR7+ CD27+CD45RA-CCR7- CD27-CD45RA-CCR7-
Donors Stimulation IFN-g+ IL-21+ IFN-g+ IL-21+ IFN-g+ IL-21+
Healthy PBS 0.18 6 0.05 0.16 6 0.05 0.19 6 0.05 0.17 6 0.05 0.21 6 0.11 0.18 6 0.05
CMV 0.65 6 0.12 0.52 6 0.08 0.66 6 0.18 0.48 6 0.16 0.76 6 0.12 0.52 6 0.08
HIV-1 — — — — — —
Patients PBS 0.21 6 0.01 0.18 6 0.06 0.22 6 0.01 0.16 6 0.04 0.17 6 0.05 0.17 6 0.05
CMV 0.48 6 0.13 0.62 6 0.18 0.54 6 0.11 0.59 6 0.09 0.58 6 0.08 0.58 6 0.07
HIV-1 0.67 6 0.16 0.22 6 0.08 0.58 6 0.08 0.32 6 0.11 0.63 6 0.16 0.18 6 0.08
Percentages of the indicated producing cells of three different subsets of Ag-experienced CD4+ T cells were determined 10 h after stimulation of
patients’ PBMCs with PBS, HCMV lysate, or HIV-1 lysate. The table shows mean 6SD of percentages of the cells from ﬁve healthy and ﬁve HIV-
infected HAART-naive viremic donors.
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These surrogate markers could be of great value when researchers
and clinicians may have access only to serum samples from the pa-
tients. Furthermore, these results also indicate that depletion ofCD4+
T cells, which is a hallmark of AIDS, contributes toward decreased
concentrations of the cytokine in the circulation of HIV-infected
individuals.
In this paper, we have shown that CD4+ T cells from HIV-
infected individuals have a reduced ability to produce this cyto-
kine, compared with their counterpart cells from healthy donors.
In HIV-infected individuals, the frequencies of all major Ag-
experienced HIV-speciﬁc IL-21–producing CD4+ T cell subsets
(CD27+CD45RA2CCR7+, CD27+CD45RA2CCR72, and CD272
CD45RA2CCR72) were signiﬁcantly decreased compared with
the same subsets of HCMV speciﬁcity. Interestingly, the IFN-g–
producing HIV-speciﬁc Ag-experienced CD4+ T cell subsets did
not differ in frequency from their counterpart cells of HCMV
speciﬁcity. These data suggest that HIV infection causes depletion
of IL-21–producing Ag-experienced cells of only HIV speciﬁcity.
FIGURE 8. IL-21 is a prosurvival factor for CD4+ T cells. A, PBMCs cultured in the medium supplemented with 10% FCS were stained with 7-AAD and
used in a ﬂow cytometer to set gates for live CD3+CD4+ T cells. B, PBMCs from three different healthy donors (D1, D2, and D3) and three HIV-infected
viremic patients naive for HAART (P1, P2, and P3) were isolated and cultured for 72 h in RPMI 1640 supplemented with 1% FCS with or without IL-21
(15 mM). The cells were then harvested, stained with a mixture of Abs containing FITC-conjugated anti-CD4, PE-conjugated anti-CD3 Abs, and 7-AAD.
The cells were washed, resuspended in PBS, and subjected to analysis by ﬂow cytometry, counting 10,000 gated events. Cell death (positivity for 7-AAD)
was measured by ﬂow cytometry in CD3+CD4+ cells. The percentages of CD3+CD4+ T cells stained for 7-AAD are shown in each panel. C, Average
percentages and SD of live CD3+CD4+ T cells with or without treatment with IL-21 are shown for HIV-infected and CONT donors.
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Although our data from in vitro studies on HIV-infected CD4+
T cells show that HIV infection does not affect IFN-g production
in infected cells, ex vivo studies on PBMCs from HIV-infected
individuals reveal that the frequencies of these cytokine-producing
HCMV-speciﬁc CD4+ T cells of the CD272CD45RA2CCR72
phenotype are reduced in HIV-infected individuals compared with
their counterpart cells from healthy donors. This difference may
be attributed to the fact that in vivo many virus-induced host
factors may also affect production of this and other cytokines. It is
noteworthy that the CD272CD45RA2CCR72 subset of CD4+
T cells is fully differentiated and produces maximum quantities of
IFN-g (40). Further studies are needed to determine what causes
the reduced frequencies of IL-21–producing HIV-speciﬁc Ag-
experienced CD4+ T cells in HIV-infected individuals.
We have shown in this study for the ﬁrst time that in vitro
infection of human CD4+ T cells reduces their ability to produce
this cytokine. This may explain, at least in part, the compromised
ability of CD4+ T cells from HIV-infected patients to produce
this cytokine. However, it is noteworthy that not all CD4+ T cells
in the circulation are infected with the virus (35). It is highly
probable that one or more immunosuppressive cytokines (IL-10,
TGF-b, etc.), which predominate in the circulation of HIV-in-
fected patients (41, 42), may have downregulated the ability of
CD4+ T cells to produce IL-21. Clearly further studies are
needed to investigate these aspects of the cytokine’s role in HIV
infection.
It is well known that the transcription factor c-Maf plays a major
part in the transcriptional activation of the IL-21 gene (27). c-Maf
knockout mice have drastically decreased levels of IL-21 in their
circulation (27). c-Maf represents the cellular homolog of the viral
oncogene v-Maf and was the ﬁrst factor identiﬁed to be involved in
the production of Th2-type cytokines. This factor regulates mainly
cytokine production at the level of transcription. Enhanced pro-
duction of c-Maf leads to an increase in IL-21 in CD4+ T cells (27,
32). Therefore, we sought to determine whether HIV-induced de-
creased production of this cytokine from human CD4+ T cells was
due to any effect of the infection on this factor. The experiments
indeed show that HIV infection of human PBMCs and CD4+ T cells
in vitro results in reduced production of c-Maf. The downregulation
occurs only in virus-infected cells, not in uninfected bystander
cells. Our results are supported by our in vitro studies, in which
a downregulation of c-Maf expression by siRNA caused a down-
regulation of IL-21 as well as another cytokine, IL-4, which is
known to be positively regulated by the transcription factor (32).
Interestingly, viral replication was needed for a reduced expression
of IL-21 as well as c-Maf (Fig. 6). This is supported by our results
that heat- and UV-inactivated HIV-1 preparations did not reduce
IL-21 production from human PBMCs (data not shown). These
results unravel the molecular mechanism underlying decreased
production of this cytokine in HIV-infected individuals.
A decreased ex vivo survival of different lymphocytes from
HIV-infected individuals has been well documented (33, 34, 43).
CD4+ T cells are also targeted by the virus; therefore, depletion
of these cells in the circulation of HIV-infected individuals is
considered an AIDS-deﬁning condition (25, 43). The restoration
of these cells in HIV-infected AIDS patients is a real challenge.
The use of HAART is highly effective in these patients in re-
ducing viral load but is very slow in restoring CD4+ T cell counts
to their physiological levels. This ﬁnding has led researchers to
consider using immune-enhancing cytokines like IL-2, IL-15,
IL-7 as therapeutic agents (17, 44–47). In this regard, our in vitro
results demonstrate that IL-21 has the ability to prevent cell
death in CD4+ T cells, and in ex vivo cultures it maintains the
numbers of live cells to the levels seen in cultures of HIV-se-
ronegative healthy donors (Fig. 8B). The prosurvival effects of
the cytokine for CD4+ and CD8+ T cells have been demonstrated
earlier (48). These workers showed that IL-21 activates PI-3K,
increases Bcl-2 expression, and prevents decrease in cell size and
spontaneous cell death in human T cells when cultured ex vivo.
Our results demonstrate that the prosurvival effects of the cy-
tokine on CD4+ T cells from HIV-infected individuals are greater
than those on cells from HIV-seronegative healthy subjects. The
cytokine induces a larger (6-fold) increase in the number of live
CD4+ T cells from HIV-infected patients than that seen (2.5-
fold) in HIV-seronegative healthy donor cultures. At least in part,
this could be due to upregulated expression of the cytokine re-
ceptor on CD4+ T cells in HIV-infected individuals. These re-
sults suggest that decreased ex vivo survival of CD4+ T cells
from HIV-infected patients may be a consequence of their de-
creased production of this cytokine. The cytokine may represent
an appropriate immunotherapeutic tool for restoring survival of
CD4+ T cells and other lymphocytes, hence enhancing their
immune reconstitution in HIV-infected patients.
Studies have shown that IL-21 has many immune-enhancing
effects. It increases the cytotoxic potential of CD8+ effector T cells
by inducing perforin expression. The cytokine also activates NK
cells and increases their degranulation ability (49, 50). Lower
levels of the cytokine in HIV-infected individuals could result in
compromised effector functions of these immune cells. Indeed,
a decreased expression of perforin in these cells in HIV-infected
individuals has been described (40). Further studies are needed to
appreciate and understand the full spectrum of effects exerted by
reduced production of this cytokine in HIV-infected individuals.
Reduced levels of the cytokine may adversely affect survival, as
well as the proliferation and functions of other immune cells such
as CD8+ T cells and NK cells. Indeed, we have shown in this
paper that increased serum levels of IL-21 are associated with
higher frequencies and better functioning of HIV-speciﬁc CTL in
HIV-infected individuals. Thus, a deﬁciency of the cytokine may
adversely affect the ability of an individual to control the in-
fection. Recent in vivo studies in mice have clearly demonstrated
the indispensability of IL-21 in controlling chronic viral infections
(14–16). A compromised production of IL-21 may be at least one
reason why humans cannot efﬁciently control HIV infection.
Finally, itmaybeworthmentioning that IL-21,comparedwithother
cytokines, iswell toleratedby humans and is currently being tested for
immunotherapyagainstmelanomaandrenal cellcarcinomainclinical
trials (51, 52). Our studies suggest that it should be considered an
immunotherapeutic tool in HIV-infected individuals.
FIGURE 9. Expression of IL-21R on CD4+ T cells in HIV-infected
individuals. PBMCs were stained with ﬂuorochrome-conjugated anti-CD3,
CD4, and IL-21Ra-chain Abs and analyzed by ﬂow cytometry. Shown are
mean ﬂuorescence intensities (MFI) of IL-21R expression on CD3+CD4+
T cells from 10 individuals in each of the indicated donor groups: HIV-
seronegative healthy CONT subjects and PI, CI, CI-H, NP, SP, EC patients.
Vertical lines indicate mean MFI.
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FIGURE 10. HIV-infected individuals with higher serum levels of IL-21 have higher frequencies of HIV-speciﬁc CTL. Ten million PBMCs from each
HIV-infected or CONT subject were incubated for 10 h in the culture medium containing a pool of 20-mer overlapping peptides corresponding to the HxB2
Gag protein. Postincubation, the cells were stained with FITC-conjugated anti-CD8 and PE-Cy7–conjugated anti-CD3 Abs. The cells were also stained
intracellularly with APC-conjugated anti–IL-2 and PE-conjugated IFN-g Abs, and analyzed by ﬂow cytometry. A, Gating of live cells for CD3+CD8+
T cells and their analyses for the intracellular expression of IL-2 and IFN-g are shown. The panels show ﬂow cytometric analysis for a typical HIV-infected
individual and a typical CONT donor with HIV-1 peptide stimulation. B, Frequencies of HIV-speciﬁc CTL producing IL-2, IFN-g, and both IL-2 and IFN-g
in response to HIV-1 peptides or a vehicle for HIV-infected individuals with high IL-21 serum levels (patient 1, 2, and 3 with 155, 210, and 189 pg/ml of
IL-21, respectively) and low IL-21 serum levels (patient 4, 5, and 6 with 31, 18, and 29 pg/ml of IL-21, respectively). C, Comparisons are shown between
HIV-infected individuals with low (L) levels of serum IL-21 and those with high (H) levels with regard to frequencies of different cytokine-producing,
HIV-speciﬁc CD8+ T cells in response to HIV-1 peptides.
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 12-2 Effet de l’IL-21 sur les cellules Natural Killer et la réplication du VIH-1 
 
 Les résultats obtenus lors de cette étude concernant l’effet de l’IL-21 sur la 
fonctionnalité des cellules NK ainsi que l’impact de cette cytokine sur la réplication 
virale in vitro sont présentés sous le format d’un article de recherche. Cet article a été 
soumis à un processus de révision par les pairs avant sa publication. 
 
Article 10 : Iannello A, Boulassel MR, Samarani S, Tremblay C, Toma E, Routy JP, 
and Ahmad A. IL-21 enhances NK cell functions and survival in healthy and HIV-
infected patients with minimal stimulation of viral replication. 2010. Journal of 
Leukocyte Biology 87(5):857-67. 
 
 
Résumé : Lors de cette étude, nous avons investigué comment l’IL-21 exogène 
augmentait la réponse immunitaire médiée par les cellules NK chez les patients infectés. 
Nous avons démontré que l’IL-21R était exprimé de façon égale et constitutive sur tous 
les sous-types majeurs de cellules NK chez les personnes infectées par le VIH-1 ainsi 
que chez les personnes saines. L’IL-21 active les protéines STAT-3, MAPK et Akt afin 
d’augmenter les fonctions effectrices des cellules NK. Nous avons démontré que l’IL-21 
augmentait l’expression des protéines Bcl-2 et Bcl-XL et que cette cytokine augmente la 
viabilité des cellules NK sans avoir un effet direct sur leur prolifération. Notre étude a 
démontré que l’IL-21 augmente l’ADCC spécifique au VIH-1, les fonctions sécrétrices 
et cytotoxiques, ainsi que la viabilité des cellules NK provenant de patients infectés 
virémiques et sans traitement anti-rétroviral. De plus, nos études ont démontré que l’IL-
21 peut avoir ces effets sur les cellules NK sans stimuler la réplication du VIH-1. Nous 
avons en effet démontré que les cellules NK activées par l’IL-21 inhibent la réplication 
virale lors de co-cultures avec des cellules T CD4+ infectées. Cette inhibition a lieu lors 
d’un contact entre la cellule NK et sa cellule cible, et non par la sécrétion de facteurs 
solubles.  
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Iannello A, Boulassel MR, Samarani S, Tremblay C, Toma E, Routy JP, and Ahmad A. 
IL-21 enhances NK cell functions and survival in healthy and HIV-infected patients with 
minimal stimulation of viral replication. 2010. Journal of Leukocyte Biology 87(5):857-
67. 
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ABSTRACT
IL-21 plays an important role in regulating immune re-
sponse and controlling chronic viral infections. Re-
cently, we reported its decreased serum concentra-
tions and their immunological consequences in HIV-in-
fected persons. In this study, we have investigated how
exogenous IL-21 enhances NK cell responses in these
persons. We show that the cytokine receptors are ex-
pressed equally on all NK cell subsets deﬁned by ex-
pression of CD16 and CD56; the cytokine activates
STAT-3, MAPK, and Akt to enhance NK cell functions;
the STAT-3 activation plays a key role in constitutive
and IL-21-mediated enhancement of NK cell functions;
the cytokine increases expression of antiapoptotic pro-
teins Bcl-2 and Bcl-XL and enhances viability of NK cells
but has no effect on their proliferation; the cytokine en-
hances HIV-speciﬁc ADCC, secretory, and cytotoxic
functions, as well as viability of NK cells from HIV-in-
fected persons; it exerts its biological effects on NK
cells with minimal stimulation of HIV-1 replication; and
the cytokine-activated NK cells inhibit viral replication in
cocultured, HIV-infected, autologous CD4 T cells in a
perforin- and LFA-1-dependent manner. These data
suggest that IL-21 may serve as a valuable therapeutic
tool for enhancing NK cell responses and inhibiting viral
replication in HIV-infected patients. J. Leukoc. Biol. 87:
857–867; 2010.
Introduction
IL-21 is a relatively recently discovered multifunctional and
pleiotropic cytokine [1, 2]. It is a member of the common c-
using cytokine family that includes IL-2, IL-4, IL-7, IL-9, and
IL-15. The cytokine is produced mainly by central and effector
memory CD4 T cells of the TH1 and TH17 types but not by
resting or activated, naı¨ve CD4 T cells. In addition, follicular
Th cells, thymic stromal cells, and NKT cells produce this cyto-
kine [1, 3]. IL-21 exerts many immunoregulatory and immune-
enhancing properties and acts as a key factor for controlling
chronic viral infections in vivo [1, 4]. It induces maturation
and differentiation of T, B, and NK cells and enhances their
antiviral effector functions [1, 5]. Since its discovery in 2000,
several studies have demonstrated that IL-21, alone and/or in
combination with other cytokines such as IL-2, IFN-	, or IL-15,
activates NK cells and enhances their proliferation, cytotoxic-
ity, and secretion of IFN- via activating PI3K and STAT-3 [2,
6–9]. In fact, its anti-tumor effects have been ascribed to its
activating effects on NK cells [10].
NK cells represent an important cellular component of in-
nate immunity. They often kill virus-infected cells without
prior sensitization and ampliﬁcation directly as well as via
ADCC (reviewed in ref. [11]). Relatively higher levels of activa-
tion of NK cells have been associated with protection from
HIV-1 infection as well as with delayed progression to AIDS
[11, 12]. Perturbations in NK cell activities and in different
NK cell subsets have been observed in HIV-infected persons
and have been implicated in the progression of AIDS (ref.
[13]; reviewed in ref. [11]). The treatment of HIV-infected
individuals with HAART is generally very effective in reducing
viral loads to nondetectable levels in the infected patients.
However, the treated patients are slow or are unable to regain
their normal immune competence. For this reason, research-
ers are resorting to the use of various immune-enhancing cyto-
kines, such as IL-2, IL-7, or IL-15, in these patients. Given that
IL-21 possesses many immune-enhancing properties, and its
production declines progressively with disease progression in
HIV-infected persons [14, 15], it could be a potential thera-
peutic tool in this setting. However, only one study has so far
examined the immune-enhancing effects of this cytokine on
1. Correspondence: Laboratory of Innate Immunity, CHU-Sainte-Justine Re-
search Center/Department of Microbiology and Immunology, University
of Montreal, 3175 Chemin de la Coˆte Sainte Catherine, Montreal, Que-
bec, H3T 1C5 Canada.
Abbreviations: 7-AAD7-amino-actinomycin, ADCCantibody-dependent
cell-mediated cytotoxicity, APCallophycocyanin, c-chain, hhuman,
HAARThighly active anti-retroviral therapy, LTNPlong-term, nonprogres-
sors, MFImean ﬂuorescence intensity
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[adresse(s) courriel retirée(s)]
NK cells in the context of HIV-1 infection [16]. As our labora-
tory has since long been interested in studying NK cell func-
tions in HIV-infected persons, we sought to investigate the im-
mune-enhancing effects of the cytokine on NK cell functions
in these patients. In addition to investigating the immune-en-
hancing effects of IL-21 on NK cells from HIV-infected individ-
uals, we also determined the effect of this cytokine on HIV-1
replication. We show that all NK cell subsets express equiva-
lent levels of IL-21R on their surface. It increases direct cyto-
toxic activity of NK cells as well as their ADCC effector func-
tions against target cells expressing the viral envelope glycop-
rotein gp120. We also show here that IL-21 enhances NK cells
survival in low-serum conditions, maintains physiological levels
of Bcl-2 and Bcl-XL proteins, but promotes their proliferation
only when combined with other cytokines. We have also re-
examined IL-21-induced signaling pathways in human NK cells
and linked them to distinct functions of these cells. The cyto-
kine induces activation of STAT-3, ERK-1/ERK-2, p38, and Akt
in human NK cells. Furthermore, we also show here that IL-21
increases ADCC, natural cytotoxicity, survival, and the ability to
degranulate in NK cells from viremic, HIV-infected persons
without stimulating HIV-1 replication. Interestingly, our in
vitro studies show that the presence of IL-21 abrogates HIV-1
replication in the cocultures of NK cells with HIV-infected,
autologous CD4 T cells. Collectively, these data suggest the
potential usefulness of this cytokine as an immunotherapeutic
tool for enhancing antiviral NK cell responses in HIV-infected
persons.
MATERIALS AND METHODS
Cell culture, antibodies, and reagents
The cells were cultured in the medium RPMI 1640 (Gibco, Burlington,
ON, Canada) containing 10% FBS, 2 mM L-glutamine, and antibiotics as
described [15]. The NK92 cells (a human NK cell line) were maintained in
	-MEM (Gibco) containing 12.5% FBS, 12.5% horse serum, and 100 U/ml
IL-2. CEM cells expressing the HIV-1 gp120/41 (CEM-gp120/41) and con-
trol cells were generated in our laboratory as described earlier [17] and
were maintained in culture medium containing neomycin (1 
g/ml;
Gibco). Human NK and CD4 T cells were isolated from PBMC by nega-
tive selection using respective cell separation kits (Stem Cell Technology,
BC, Canada). The purity of the isolated cells was veriﬁed and was always
97% for NK and CD4 T cells. rhIL-15 and rhIL-21 were purchased from
BioSource (Camarillo, CA, USA), and IL-2 was from Roche (Mississauga,
ON, Canada). The antibodies and pharmacological inhibitors used in this
study were purchased from commercial sources, which are mentioned at
relevant places in the text and ﬁgure legends.
Study participants
In some experiments, we used PBMC from HIV-seronegative, healthy indi-
viduals and HIV-infected patients. Of these patients, ﬁve had primary infec-
tion (deﬁned as being within 6 months following the date of infection and
receiving no antiretroviral therapy or HAART; mediansd for CD4 counts:
413133 cells/mm3; mediansd for viral load: 158,5006340 HIV-1 RNA
copies/ml); 11 had chronic infection and were viremic (having infection
for more than 6 months and naı¨ve for HAART, mediansd for CD4
counts: 161137 cells/mm3; mediansd for viral load: 218,77627,347
HIV-1 RNA copies/ml); ﬁve had chronic infection, were receiving HAART,
and had undetectable plasma viral loads (mediansd for CD4 counts:
524121 cells/mm3; mediansd for viral load: 505 HIV-1 RNA copies/
ml); and ﬁve were LTNP (infected for more than 7 years, not receiving
HAART, and without having any AIDS-deﬁning condition; mediansd for
CD4 counts: 600250 cells/mm3; mediansd for viral load: 9515 HIV-1
RNA copies/ml). All of the study participants volunteered for a one-time
blood donation and gave written, informed consent. The Institutional Eth-
ics Committee approved the study protocols.
Expression of proteins
Western blots were used for detecting expression of different cellular pro-
teins using antibodies speciﬁc for the protein or its activated form as de-
scribed previously [15].
Flow cytometry
Cells were stained for the molecules expressed on the surface or inside
cells and analyzed by ﬂow cytometry as described earlier [15].
NK cell-mediated cytotoxicity and ADCC
They were determined with a standard 16-h 51Cr-release (Perkin Elmer,
Boston, MA, USA) assay, as described by us earlier [17]. The procedure for
the ADCC assay was the same as for NK cell cytotoxicity with two excep-
tions: First, CEM-gp120/41 cells were used as target cells, and second, 50

l culture medium containing 5 
l sera from HIV/AIDS patients or
healthy subjects was added to each well. After 16 h incubation at 37°C in a
humidiﬁed 5% CO2 atmosphere, the radioactivity released into the super-
natants was counted by a -counter (Clini Gamma, LKB Wallace, Turku,
Finland). The percentage lysis of the target cells was determined as de-
scribed earlier [17].
Cell proliferation
The cell proliferation was measured by 3H-thymidine (Amersham Bio-
sciences, Quebec, Canada) uptake assay, as described [18].
Statistical Analysis
Group means were compared using unpaired Student’s t-test and ANOVA
as described earlier [15].
RESULTS AND DISCUSSION
All subsets of NK cells constitutively express IL-21R
NK cells are known to be heterogeneous with respect to the
expression of CD16 and CD56 markers. Although two major
subsets of NK cells (CD56dim and CD56bright) have been
shown previously to respond to IL-21 and express equivalent
levels of the cytokine receptor [19], it is not yet known if all
subsets of NK cells deﬁned by the expression of CD56 and
CD16 markers express this receptor. Using ﬂow cytometry, we
analyzed the expression of the IL-21R 	-chain on different sub-
sets of NK cells. As shown in Figure 1, A and B, all subsets of NK
cells (CD56brightCD16, CD56brightCD16–, CD56dimCD16,
and CD56–CD16) expressed equivalent levels of the cytokine
receptor. Consequently, these data suggest that all NK cells are
likely to respond to exogenous rhIL-21. Furthermore, we inves-
tigated whether the expression of the cytokine receptor re-
mained intact on NK cells from HIV-infected individuals. For
this purpose, we compared the expression of IL-21R on NK
cell subsets from different categories of HIV-infected patients
by ﬂow cytometry with control subjects. The patient categories
included ﬁve patients with primary infection, ﬁve with chronic
infection, ﬁve with chronic infection receiving HAART, and
ﬁve LTNP, as described in Materials and Methods. No statisti-
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cally signiﬁcant (P0.05) differences in IL-21R expression
were observed for all NK cell subsets between HIV-infected
and healthy individuals (Fig. 1, C–F).
IL-21 increases cytotoxicity and ADCC mediated by
NK cells
We re-examined the effects of exogenous human IL-21 on NK
cell functions in vitro. For this purpose, we puriﬁed NK cells
from freshly isolated human PBMC and cultured them with or
without IL-21 for 24 h. After 24 h, the cytotoxic activity of the
NK cells against an established human T cell line, CEM, was
determined in a standard 16-h 51Cr-release assay at different
E:T ratios. In these experiments, IL-21 increased cytotoxic ac-
tivity of NK cells equivalent to that induced by equimolar con-
centrations of IL-2 or IL-15. Furthermore, we also observed an
additive effect of IL-21 with IL-2 and with IL-15 on the NK
cell-mediated cytotoxicity (data not shown). These NK cell-
mediated, cytotoxicity-enhancing effects of IL-21 are in agree-
ment with those reported earlier [8, 16, 20].
IL-21 has been shown to enhance NK cell-mediated ADCC
against antibody-coated target cells [21]. However, these stud-
ies were carried out in the context of breast cancer. We were
Figure 1. IL-21R is constitutively ex-
pressed on all subsets of NK cells. (A
and B) Isolated NK cells from healthy
donors were stained with APC-conjugated
anti-CD56, PerCP-conjugated anti-CD3,
PE-conjugated anti-IL-21R	-chain, FITC-
conjugated anti-CD16 antibodies, or with
their respective isotypes as control. All
antibodies were from eBioscience (San
Diego, CA, USA). Alive NK cells were
gated (R1) using forward- and side-scatter
(FSC and SSC, respectively) proﬁles.
From the R1 population, CD3– cells
were gated (R2) and analyzed for the ex-
pression of CD56 and CD16. The
CD56brightCD16– (R3), CD56brightCD16
(R4), CD56dimCD16 (R5), and CD56–
CD16 (R6) populations were further
gated and analyzed for the expression of
their IL-21R	-chain expression. The ﬁlled
and open histograms represent staining
with isotype and anti-IL-21R	 antibodies,
respectively. All four subsets of NK cells
show equivalent expression (similar MFI)
of the receptor chain. (B) Averages  sd
(MFI) obtained for all NK subsets from
three different healthy donors. IL-21R
expression on NK cell subsets in HIV-
infected patients is shown in C–F. PBMC
from ﬁve healthy subjects [control
(CTRL)] as well as ﬁve HIV-infected pa-
tients belonging to different categories
(PIprimary infection; CIchronic infec-
tion and viremic; CIHchronic infection
and aviremic) were stained with FITC-
conjugated anti-CD16, APC-conjugated
anti-CD56, PE-Cy7-conjugated anti-CD3
(all from eBioscience), and PE-conju-
gated anti-IL-21R-	 (BD Biosciences, Mis-
sissauga, ON, Canada) antibodies and re-
spective control isotypes. The four different
NK cell subsets, CD56brightCD16– (C),
CD56brightCD16 (D), CD56dimCD16 (E),
and CD56–CD16 (F) were further gated
and analyzed for the expression of their
IL-21R	-chain expression. Note that the
four NK cells subsets from healthy donors
as well as HIV-infected patients show
equivalent expression (similar MFI) of
the receptor chain.
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interested in knowing whether the cytokine will also enhance
ADCC effector function of NK cells in the context of HIV in-
fection. For this purpose, we used our gp120/41 expressing
CEM cells in the presence of sera from HIV-infected persons
known to have gp120/41-speciﬁc, ADCC-mediating antibodies
[17]. As shown in Figure 2A, IL-21 treatment signiﬁcantly en-
hanced ADCC mediated by the NK cells when they were incu-
bated in the presence of sera from HIV-infected patients as
compared with the untreated cells (P0.001). As shown in Fig-
ure 2B, this increase was comparable to the one induced by
IL-2 or by IL-15. No additive effects of IL-21 and IL-2 or of
IL-21 and IL-15 were observed on the ADCC-mediated kill-
ing, probably as a result of high levels of background (i.e.,
the killing of the target cells in the presence of control se-
rum). As NK cells mediate ADCC via CD16 (FcRIIIa),
which is a low-afﬁnity receptor for the Fc region of IgG
Figure 2. IL-21 increases the functionality of NK cells from healthy and HIV-
infected patients. (A) Effect of IL-21 on NK cell-mediated ADCC effector
function. NK cells, isolated from healthy donors, were used in the ADCC as-
say, with or without treatment with IL-21 (15 
M) for 24 h. The NK cell-me-
diated ADCC was then measured against gp120/41-expressing CEM-gp120
cells in a standard 51Cr-release assay using medium containing pooled sera (5

l) from HIV/AIDS patients (Patient serum) or from healthy subjects (Con-
trol serum). Note enhancement of ADCC-mediated cytotoxicities at each E:T
ratio. (B) Comparison among IL-21, IL-2, and IL-15 treatments on NK cell-
mediated ADCC effector function. Puriﬁed NK cells were treated with
equimolar concentrations (15 
M) of the indicated cytokines for 24 h. The
ﬁgure shows average ADCC cytotoxicities  sd from three replicates at an
E:T ratio of 20:1. (C and D) Effect of IL-21 on the expression of perforin and
IFN- in NK cell subsets. Puriﬁed NK cells from healthy donors were treated
with 15 
M IL-21 for 24 h. Aliquots of the cells were stained extracellularly with APC-conjugated anti-CD56 and FITC-conjugated anti-CD16
and intracellularly with PE-conjugated anti-perforin or with PE-conjugated anti-IFN- (all antibodies from eBioscience). The CD56brightCD16
(1) and CD56dimCD16 (2) populations were further gated and analyzed for the expression of perforin (C) and IFN- (D). In separate ex-
periments, NK92 cells (3) were also analyzed for expression of perforin (C) and IFN- (D). Similar results were obtained with three different
donors. (E) Spontaneous cytotoxic activities of isolated NK cells obtained from six viremic, HAART-naı¨ve, HIV-infected patients were deter-
mined against 51Cr-labeled CEM at E:T ratios of 20:1. The NK cells were treated or not with 15 
M IL-21 for 24 h. Shown is the average NK
cell-mediated percent cytotoxicity for the NK cells of the six patients, with or without IL-21 treatment. (F) Effect of IL-21 on NK cell-mediated
ADCC effector function. Isolated NK cells from three viremic, HAART-naı¨ve, HIV-infected patients (P1–P3) were used in the ADCC assay,
with or without treatment with IL-21 (15 
M) for 24 h. The NK cell-mediated ADCC was then measured against gp120/41-expressing CEM-
gp120 cells in a standard 51Cr-release assay at an E:T ratio of 20:1 using medium containing diluted sera (5 
l) from HIV/AIDS patients (Pa-
tient serum) or from healthy subjects (Control serum). *, **, and ***, Statistically signiﬁcant differences between indicated means (P0.05,
P0.01, and P0.001, respectively).
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[22], we investigated the effect of the cytokine on CD16 ex-
pression in human NK cells. The cytokine did not affect the
expression of this FcR in any signiﬁcant manner on hu-
man NK cells from healthy and HIV-infected individuals
(data not shown).
We further sought to determine the effect of IL-21 treat-
ment on NK cells with respect to their expression of perforin
and IFN-: two molecules used as surrogate markers for NK
cells’ potential for cytotoxic and secretory functions, respec-
tively. As shown in Figure 2C, the cytokine increased expres-
sion of perforin in NK92 as well as in CD56bright and CD56dim
subsets of human primary NK cells to equivalent levels in
in vitro cultures. The expression of this cytotoxic mediator
was higher in CD56dimCD16 cells as compared with
CD56brightCD16 NK cells in unstimulated cell cultures. The
cytokine also increased expression of intracellular IFN- in
these cultures. In this regard, CD56brightCD16 expressed
higher levels of the IFN intracellulary in unstimulated cell cul-
tures, and more increase was seen in this parameter in these
NK cells as a result of treatment with IL-21 (Fig. 2D). Even
after stimulation with IL-21, the CD56bright subset expressed
more intracellular IFN- as compared with the CD56dim sub-
set. These data suggest that IL-21 has the ability to augment
expression of these two effector molecules differentially in hu-
man NK cell subsets. These results are in agreement with
those reported earlier [9, 16, 19].
One of the aims of this study was to determine if IL-21
could improve the ex vivo functions of NK cells from HIV-in-
fected patients. Therefore, we isolated NK cells from viremic,
HAART-naı¨ve, HIV-infected patients and cultured them for
24 h with or without IL-21. After the incubation, we deter-
mined their natural cytotoxic activity as well as ADCC effector
functions. As shown in Figure 2, E and F, IL-21 signiﬁcantly
enhanced natural cytotoxicity and ADCC effector function of
these cells. In this respect, our results are in agreement with
those of Strbo et al. [16], who have reported immune-enhanc-
ing effects of this cytokine on NK cells from HIV-infected indi-
viduals. However, we also show that the cytokine increases
ADCC effector function of NK cells from HIV-infected pa-
tients.
IL-21 exerts its effects on NK cells by activating
STAT-3, ERK-1/2, p38, and Akt
To determine the signaling events associated with IL-21-aug-
mented NK cell functions, we isolated human NK cells from
freshly isolated PBMC and put them in culture with IL-21. At
different time-points after addition of the cytokine, the cells
were collected and washed, and their lysates were analyzed for
the expression of STAT-3, ERK-1/ERK-2 (p44/42), p38, Akt,
and their respective activation-associated, phosphorylated
forms by Western blots using speciﬁc antibodies. As shown in
Figure 3A, IL-21 increased levels of phosphorylated forms of
STAT-3, p38, and the MAPKs as early as 5 min after addition
of the cytokine. Increased levels of phosphorylated Akt were
observed 1 h after the addition of the cytokine. The phosphor-
ylated forms of these molecules were maintained at higher lev-
els at each subsequently tested time-point. The cytokine treat-
ment caused no visible increase in total levels of these proteins
(Fig. 3A). The cytokine did not cause activation of stress-acti-
vated protein kinase/JNK and Vav (data not shown). IL-21 has
been shown to phosphorylate and activate STAT-3 in NK cells
[6, 16, 19, 23]. Our results conﬁrm this and add further that
the cytokine activates ERK-1, ERK-2, p38, and Akt but not JNK
and Vav in these cells.
We also determine the effects of IL-21-mediated, enhanced
activation of STAT-3, p44/42, p38, and Akt on different NK
cell effector functions. For this purpose, we treated puriﬁed
NK cells with IL-21 for 24 h, with or without the presence of
pharmacological inhibitors speciﬁc for p42/44, p38, PI3K, and
STAT-3 (U0126, SB230580, LY294002, and cucurbitacin, re-
spectively), alone and in different combinations, and used
them in these assays. As shown in Figure 3, B and C, the effect
of STAT-3 inhibitor (cucurbitacin) was drastic on cytotoxicity
and perforin expression. It completely inhibited an IL-21-me-
diated increase in cytotoxicity and perforin expression. In fact,
it decreased these parameters even below the levels observed
in the cytokine-untreated NK cells. Furthermore, it had no ad-
ditive or synergistic effect with any other pathway inhibitor
used here. On the other hand, the p44/42, p38, and PI3K-
speciﬁc inhibitors behaved similar to each other. Each of them
abrogated IL-21-mediated increases in cytotoxicity, perforin,
and IFN- expression (Fig. 3, B–D). Of note, cucurbitacin be-
haved similarly to other inhibitors concerning its effects on
the expression of IFN- in NK cells (Fig. 3D). The results from
the STAT-3 inhibitor suggest that this molecule plays an im-
portant role in the constitutive and IL-21-enhanced functions
of NK cells. To the best of our knowledge, this is ﬁrst report
linking STAT-3 activation with NK cell-mediated cytotoxicity.
Effects of IL-21 on NK cell proliferation, viability,
and expression of antiapoptotic proteins (Bcl-2 and
Bcl-XL)
Several c-using cytokines, e.g., IL-2 and IL-15, are known to
induce proliferation of NK cells [24]. Therefore, we sought to
determine whether IL-21 also increases proliferation of these
cells. For this purpose, we cultured freshly isolated human NK
cells in the medium supplemented with equimolar concentra-
tions of IL-2, IL-15, and IL-21. After 5 days of incubation, we
measured cell proliferation via 3H-thymidine uptake. As shown
in Figure 4, A and B, puriﬁed human NK cells from healthy
donors as well as from HIV-infected patients, cultured in the
presence of IL-2 and IL-15, resulted in a signiﬁcant increase in
their 3H-thymidine uptake. In contrast, the cells cultured with
IL-21 had no increase in this parameter. However, IL-21 did
not decrease 3H-thymidine uptake by NK cells when added to
the cultures in combination with IL-2 or with IL-15. Rather, it
enhanced the uptake when added to NK cells in combination
with IL-2 and IL-15. These data suggest that IL-21 alone has
minimal effect on the proliferation of NK cells but may act in
synergy with IL-2 or IL-15 for enhancing NK cell prolifera-
tion. In this respect, our results are similar to those re-
ported earlier [8].
Several studies have shown that absolute numbers as well as
percentages of different lymphocytes are decreased over time
in patients infected with HIV-1 [13] (reviewed in ref. [11]).
NK cells and T cells from these individuals undergo enhanced
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spontaneous apoptosis when cultured ex vivo [25–27]. The use
of HAART is effective in these patients in reducing viral load
but is slow in restoring NK and CD4 T cell compartments to
their physiological levels. The restoration of their viability in
HIV-infected AIDS patients is a real challenge. This has led
researchers to consider using immune-enhancing cytokines as
a therapeutic agent. In this regard, members of the c-using
cytokine family have been shown to play a crucial role in NK
cell homeostasis by enhancing their proliferation and survival
[8, 26–28]. As IL-21 belongs to this family of cytokines, we
sought to determine whether it could also promote NK cell
survival and hence, contribute to NK cell homeostasis. For this
purpose, we puriﬁed NK cells from freshly isolated human
PBMC and cultured them in the presence of cytokines under
suboptimal conditions (RPMI 1640 with 1% FCS). We added
equimolar concentrations of IL-2, IL-15, or IL-21 to these cul-
tures separately as well as in combination with IL-15 or IL-2.
We measured the percentages of NK cells undergoing apopto-
sis by ﬂow cytometry 72 h later. As shown in Figure 4C, IL-21
treatment reduced the percentages of NK cells undergoing
spontaneous apoptosis from healthy donors in these cell cul-
tures. In this respect, IL-21 was consistently more effective
than IL-2. The cytokine was at least as effective as IL-15 in pre-
venting spontaneous apoptosis in ex vivo-incubated human NK
cells. No additive or synergistic prosurvival effects were ob-
served when IL-21 was added to these cultures in combination
with IL-2 or with IL-15.
We next investigated if this prosurvival effect of IL-21 could
be associated with a modulation in the expression of one or
more apoptosis-regulating proteins belonging to the Bcl-2 fam-
ily. To determine this, we performed Western blots for Bcl-2
and Bcl-XL on IL-21-treated and untreated, puriﬁed NK cells,
and the results from a typical experiment are shown in Figure
4D. It is quite evident from this experiment that IL-21 in-
creases and maintains higher levels of expression of Bcl-XL
and Bcl-2 proteins in human NK cells. Similar results were ob-
tained when these experiments were repeated with NK cells
obtained from two other donors (data no shown). We show
here for the ﬁrst time that IL-21 enhances the expression of
these two antiapoptotic proteins in vitro in human NK cells.
These prosurvival effects of IL-21 for human NK cells are simi-
lar to the ones that have been reported earlier for CD4 and
CD8 T cells [29, 30]. In separate experiments, we investi-
gated the effects of IL-21 on spontaneous mortality in NK cells
Figure 3. IL-21 augments NK cell effector
functions through STAT-3, MAPK, and Akt
phosphorylations. (A) NK cells were isolated
and cultivated with IL-21 (15 
M or 25 ng/
ml). At the indicated time-points after the
addition of the cytokine, the cells were col-
lected, washed, and lysed in the lysis buffer.
The cell lysates were analyzed by Western
blots using antibodies speciﬁc for total and
phosphorylated forms of STAT-3, p44/42,
p38, and Akt (Stat-3-P, p44-P, p38-P, and
Akt-P, respectively; all from Cell Signaling
Technology, Beverly, MA, USA). Individual
bands were quantiﬁed by densitometry, and
the ratios between the band densities of the
phosphorylated and total proteins were de-
termined and are shown at the lane bottoms. (B) Puriﬁed NK cells were treated with 15 
M IL-21 for 24 h, with or without the presence of
speciﬁc inhibitors (10 
M each) for STAT-3 (cucurbitacin from Sigma-Aldrich, St. Louis, MO, USA), p44/42 (U0126 from Cell Signaling
Technology), p38 (SB230580 from Cell Signaling Technology), and PI3K (LY294002 from Calbiochem, San Diego, CA, USA). The cytolytic
potential of NK cells was then measured at a 20:1 E:T ratio against CEM targets. Average percent cytotoxicity  sd from three replicates is
shown in B. (C and D) Effects of IL-21 and the inhibitors on the expression of intracellular expression of perforin (C) and IFN- (D). All
of these experiments were performed with NK cells from three different donors, and essentially similar results were obtained. ***, Statisti-
cally signiﬁcant differences between indicated means (P0.001).
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isolated from six HIV-infected, HAART-naı¨ve, viremic patients.
As shown in Figure 4E, the cytokine decreased spontaneous
mortality of NK cells from these patients, as determined by
7-AAD staining. Taken together, these results show that IL-21
is able to improve the survival of NK cells signiﬁcantly from
healthy donors as well as from HIV-infected patients in ex vivo
experiments.
Il-21 has little effects on HIV-1 replication
Despite their positive effect on the antiviral immunity, one
of the disadvantages of the use of biological response modi-
ﬁers is their ability to increase HIV-1 replication. In this re-
spect, IL-15 was shown to have relatively less enhancing ef-
fects on HIV-1 replication as compared with IL-2 and IL-12
[31, 32]. IL-7 was also reported to have this undesirable ef-
fect in HIV-infected individuals [33]. As a result of its less
cell-proliferative effects as compared with IL-2 or IL-15, we
sought to determine if IL-21 also exerted less stimulatory
effects on HIV-1 replication in human cells. To this end, we
infected T cell blasts obtained from PHA and IL-2-activated
PBMC of healthy donors in vitro with a T-tropic HIV-1
strain (NL4.3). After washing to remove the residual virus,
the infected cells were cultured in the presence of cyto-
kines. After 24, 48, and 72 h, the culture supernatants were
collected and analyzed for their p24 contents. As shown in
Figure 5, A and B, IL-21 had the least-stimulatory effects on
HIV-1 replication when p24 was measured in the culture
supernatants at all of the three tested time-points. When
added alone, IL-2 and IL-15 increased HIV-1 replication
two- to threefold more than IL-21. Interestingly, IL-21 did
not act synergistically or additively with IL-2 or with IL-15 to
stimulate the viral replication (Fig. 5, A and B). Further-
more, increasing the dose of IL-21 in these experiments did
not cause a signiﬁcant increase in HIV-1 replication,
Figure 4. IL-21 does not enhance prolifera-
tion but acts as a prosurvival factor for NK
cells and increases expression of Bcl-2 and
Bcl-XL. (A and B) Puriﬁed NK cells from
healthy donors (A) and viremic, HIV-in-
fected patients (B) were cultured in the
medium containing 15 
M IL-21 and/or
other cytokines as indicated. Five days
later, 50 
l medium containing 1 
Ci 3H-
thymidine (Amersham Biosciences) was
added to the culture wells for 4 h. The
cells were then harvested, and the incorpo-
ration was measured by a liquid scintilla-
tion counter. Similar results were obtained
with three different healthy donors and
three HIV-infected patients. (C) Puriﬁed
NK cells from healthy donors were cultured
in suboptimal medium (RPMI 1640 with
1% FCS), with or without equimolar con-
centrations (15 
M) of the indicated cyto-
kines. After 72 h, the cells were analyzed
for the expression of apoptosis by ﬂow cy-
tometry after staining with FITC-Annexin V
and propidium iodide (PI; from BD Bio-
sciences). (D) The cell lysates from IL-21-
treated and untreated cells were analyzed
by Western blotting using mAb speciﬁc for
Bcl-2 (from Calbiochem), Bcl-XL (from
Cell Signaling Technology), and GAPDH
(from Ambion, Austin, TX, USA). Individ-
ual bands were quantiﬁed by densitometry,
and the expression of these proteins rela-
tive to that of GAPDH was plotted for each
time-point (lower panel). Similar results
were obtained with three different healthy
donors. (E) The PBMC from six viremic,
HAART-naı¨ve, HIV-infected patients were
cultured in RPMI 1640 containing 1% FCS,
with or without 15 
M IL-21. After 72 h,
the cells were harvested and stained using
FITC-conjugated anti-CD56 and PE-conju-
gated anti-CD3 antibodies (all from eBio-
science) and 7-AAD (from BD Biosciences). The ﬁgure shows the percentage of 7-AAD-positive (dead) cells for each patient, with or without
treatment with the cytokine for the NK cell subset that has been shown to decrease in HIV-infected patients [13]. ** and ***, Statistically
signiﬁcant differences between means (P0.01 and P0.001, respectively).
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Figure 5. IL-21 has less of a HIV-1 replication-enhancing effect as compared with IL-2 and IL-15. PBMC from HIV-seronegative, healthy donors
were activated with PHA (10 
g/ml) and IL-2 (100 U/ml) for 5 days. After 5 days, the activated PBMC were infected in vitro with HIV-1 (NL4.3)
for 2 h at 37°C, and cells were then washed extensively to remove residual virus. The cells were then cultivated with equimolar concentrations of
different cytokines (15 
M) as indicated for 24, 48, and 72 h. For each time-point, culture supernatants were collected and centrifuged to remove
cell debris, and their HIV-1 p24 contents were measured by ELISA, obtained from the AIDS Vaccine Program (National Cancer Institute, Freder-
ick, MD, USA). (A) The effects of IL-21 alone and in combination with IL-2; (B) the effects of IL-21 alone and in combination with IL-15. Similar
results were obtained with three different donors. (C) Activated PBMC from normal donors were treated with equimolar concentrations (15 
M)
of the indicated cytokines for 24 h. The cells were then infected with NL4.3, washed, and cultured for 48 h in the presence of cytokines, as de-
scribed in the above section. After 48 h, the p24 was measured in the culture supernatants by ELISA. Note less enhancement of HIV-1 replication
by IL-21 as compared with the other two cytokines. Similar results were obtained with three different donors. (D–F) The PBMC from three
HAART-naı¨ve, viremic patients (with 367,168, 742,290, and 211,120 copies of viral RNA/ml plasma in Patients 1, 2, and 3, respectively) were acti-
vated with PHA (10 
g/ml) and IL-2 (100 U/ml). After 10 days, the cells were washed, and the cytokines were added to the cell cultures as indi-
cated at equimolar (15 
M) concentrations. After 3, 6, and 9 days, the p24 was measured in the culture supernatants by ELISA. *, **, and ***,
Statistically signiﬁcant differences between indicated means concentrations of p24 in the culture supernatants (P0.05, P0.01, and P0.001, re-
spectively).
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whereas increasing the dose of IL-2 or IL-15 resulted in en-
hanced viral replication (data not shown). The cytokine also
had little enhancing effects on monocyte-tropic (R5) HIV-1
strains in human macrophages (data not shown). We fur-
ther determined the effects of the treatments of PBMC with
these cytokines prior to infecting them with HIV-1. As
shown in Figure 5C, the pretreatment of the cells by IL-21
before the infection also had less-enhancing effects on
HIV-1 replication as compared with the pretreatments with
IL-2 or IL-15.
We next determined if IL-21 increased the production of
endogenous HIV-1 in PBMC from viremic, HIV-infected pa-
tients. Therefore, we isolated PBMC from three different
HAART-naı¨ve, viremic, HIV-infected patients and activated
them with PHA and IL-2 for 10 days. After this activation,
the cells were washed and cultivated with equimolar concen-
trations of IL-2, IL-15, or IL-21 for 3, 6, and 9 days. As
shown in Figure 5, D–F, IL-21 had little effect on HIV-1 rep-
lication at all of the tested time-points, whereas IL-2 and
IL-15 increased HIV-1 replication progressively in the PBMC
of all the donors at the three tested time-points. Further-
more, IL-21 had no additive or synergistic effects on HIV-1
replication when it was added to the cell cultures from the
patients in combination with IL-2 or with IL-15. Taken to-
gether, these data show that IL-21 induces little HIV-1 repli-
cation alone as well in combination with other immune-en-
hancing cytokines such as IL-2 and IL-15. To the best of our
knowledge, this is the ﬁrst report describing minimal effects
of this cytokine on HIV-1 replication.
IL-21 increases NK cell-mediated suppression of
HIV-1 replication in CD4 T cells
Studies have shown that NK cells can suppress HIV-1 repli-
cation when they are cocultured with HIV-infected CD4 T
cells [34, 35]. Therefore, we further sought to determine
the effect of IL-21 on NK cell-mediated suppression of
HIV-1 replication in the coculture experiments. For this
purpose, we isolated CD4 T cells from PHA and IL-2-acti-
vated human PBMC, infected them with HIV-1, and coincu-
bated them with puriﬁed, autologous NK cells at a 1:1 ra-
tios. We added IL-21 to these cocultures and incubated
them at 37°C in a humidiﬁed atmosphere containing 5%
CO2. We obtained culture supernatants from these cocul-
tures at different time-points, cleared them from cell debris,
and analyzed them for p24 contents. As shown in Figure 6A,
IL-21 did not affect viral replication in HIV-infected CD4
T cells but signiﬁcantly enhanced NK cell-mediated suppres-
sion of HIV-1 replication at Days 5, 7, and 9 after start of
the cocultures (P0.001).
To investigate the underlying mechanism of the NK cell-
mediated suppression of HIV-1 replication in the coculture
experiments, we repeated the experiments as described above
and added neutralizing antibodies against IFN-, perforin,
LFA-1, or control antibodies. After 5 days of incubation, we
collected cell culture supernatants and analyzed them for p24
assay. As shown in Figure 6B, the antibodies against LFA-1 and
to a lesser extent, against perforin, but not against IFN-, abro-
gated the suppressive effect of NK cells. Essentially similar re-
sults were obtained when the cocultures were maintained for 9
days and examined for their p24 contents in the supernatants
(data not shown). It is noteworthy that IL-21 did not render
human CD4 T cells more susceptible (with or without infec-
tion with HIV-1) to NK cell-mediated cytolysis (data not
shown).
Figure 6. IL-21 increases NK cell-mediated suppression of HIV-1
replication in vitro. (A) PBMC from four HIV-seronegative, healthy
donors were activated with PHA (10 
g/ml; from Sigma-Aldrich)
and IL-2 (100 U/ml). After 5 days, activated CD4 T cells were iso-
lated and infected with HIV-1 (NL4.3) for 2 h at 37°C. Cells were
then washed extensively to remove the residual virus. Equal num-
bers of puriﬁed, autologous NK cells (ratio of 1:1) were cocultured
with the HIV-infected CD4 T cells, with or without (15 
M) IL-21.
On Days 1, 3, 5, 7, and 9 after infection, the culture supernatants
from the cocultures were assayed for their p24 contents. The ﬁgure
shows averages  sd p24 contents from four different donors at
each time-point. (B) Molecular mechanisms underlying the IL-21-
enhanced NK cell-mediated suppression of HIV-1 replication in
CD4 T cells. Autologous NK cells and HIV-infected CD4 T cells
were cocultured with and without IL-21 as described in A. Neutral-
izing antibodies against LFA-1, IFN-, or isotype-matched mouse
IgG (Control Ab) were added at 1 
g/ml concentrations as indi-
cated. All of these antibodies were from BD Biosciences. Seven days
later, HIV-1 replication in the cocultures was measured by p24
ELISA. The ﬁgure shows averages  sd p24 contents from four dif-
ferent donors. Note abrogation of the NK cell-mediated suppres-
sion of HIV-1 replication by anti-LFA-1 but not by anti-IFN- anti-
bodies. Essentially, similar results were obtained for the four differ-
ent donors when cocultures were prolonged for 9 days (data not
shown). ** and ***, Statistically signiﬁcant differences between
means (P0.01 and P0.001, respectively).
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As LFA-1 is needed for conjugate formation between NK
and target cells, these data suggest that physical contact and
hence, NK cell-mediated cytotoxicity are essential for viral sup-
pression in these experiments. It is noteworthy that the inter-
action of LFA-1 with ICAM-3 on target cells is essential for
conjugate formation between NK and target cells [36, 37].
This interaction also acts as a trigger for NK cell degranulation
[38]. The fact that anti-LFA-1, but not antiperforin, antibodies
block HIV-1 replication completely in this coculture system
suggests that the former antibodies may also be inhibiting
cell–cell spread of the virus. It is noteworthy that LFA-1 plays a
role in this mode of HIV infection [39]. Our in vitro experi-
ments show that IL-21 has no effect on the expression of
LFA-1 on NK cells (data not shown). However, it still remains
to be investigated whether it causes any conformational
changes and increases afﬁnity of this adhesion molecule for its
ligand. The results from the coculture system suggest that IL-
21-treated NK cells can kill HIV-infected, autologous CD4 T
cells efﬁciently. Thus, IL-21 may be used to enhance NK cell
functions and control HIV-1 replication in HIV-infected indi-
viduals.
Collectively, our results suggest that IL-21 may represent a
valuable, therapeutic tool for augmenting survival and antiviral
effects of NK cells in HIV-infected patients. It is noteworthy
that similar immune-enhancing effects of IL-21 have also been
described for CD8 T cells from HIV-infected persons [30]. It
may be worth mentioning that the cytokine is well-tolerated by
humans in therapeutic doses as compared with similar other
cytokines and is currently being tested in clinical trials for im-
munotherapy against melanoma and renal cell carcinoma
[40]. Given that IL-21 concentrations decrease in the circula-
tion of HIV-infected individuals, immunotherapy with this cy-
tokine may be more relevant and appropriate in the AIDS pa-
tients.
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13- Discussion 
 
 13-1 Discussion sur les études concernant l’IL-18  
 
Lors de notre étude, nous avons démontré qu’il existe une corrélation négative 
entre le nombre des cellules NK présentes en périphérie et les niveaux d’IL-18 
circulantes chez les patients infectés par le VIH-1. Cette corrélation inverse a été 
observée au niveau de tous les sous-types majeurs de cellules NK étudiés (CD3-CD16+, 
CD3-CD56+, CD3-CD16+CD56+) chez ces patients. Nos données ont donc suggéré que 
l’IL-18 est impliquée dans la perte du nombre de cellules NK chez les personnes 
infectées par le VIH-1, et que l’ensemble des différents sous-types de cellules NK sont 
affectés par cette cytokine. Notre étude a de plus permis de comprendre les mécanismes 
impliqués concernant la perte de ces cellules NK (Figure 13). Nous avons démontré que 
l’IL-18 induit une mort fratricide de ces cellules en induisant l’expression de la protéine 
FasL et en augmentant la sécrétion de TNF-. Des résultats similaires ont été obtenus 
lors de nos expériences sur des cellules NK primaires ainsi que sur la lignée cellulaire 
NK92. Le traitement de ces cellules avec de l’IL-18 n’a cependant pas augmenté 
l’expression de Fas et du récepteur au TNF-. Malgré une augmentation de l’expression 
en surface de la protéine FasL, nous n’avons pas observé d’augmentation dans la 
sécrétion de la forme soluble de la protéine FasL dans les surnageants de cultures des 
cellules traitées avec l’IL-18. De plus, ces surnageants n’ont pas été capable d’induire de 
mort cellulaire lorsqu’on les a ajoutés à des cellules NK fraîchement isolées ou aux 
cellules NK92 (ces données n’ont pas été publiées). Nos études ont aussi permis de 
mettre en évidence le fait que l’IL-18 augmente la susceptibilité des cellules NK à un 
stimuli apoptotique en réduisant l’expression de la protéine Bcl-XL au niveau des 
cellules NK primaires et des cellules NK92. Aucune réduction dans l’expression de la 
protéine Bcl-2 a été observée. Cette étude a démontré pour la première fois l’implication 
de l’IL-18 dans la sous-régulation d’une protéine anti-apoptotique au niveau des cellules 
NK. Il serait d’ailleurs intéréssant de déterminer si cette cytokine induit des réductions 
similaires concernant cette famille de protéines anti-apoptotiques au niveau des cellules 
T. Nous avons démontré que l’IL-18 causait la mort des cellules NK92 et des cellules 
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NK primaires d’une façon dose-dépendante. Même lors de l’utilisation de concentrations 
faibles d’IL-18 (100 pg/ml), cette cytokine a causé une mort cellulaire significative. 
Cependant, lorsque nous avons réalisé le même genre d’expériences en utilisant des 
sérums contenant de l’IL-18, seulement les sérums contenant 500 pg/ml et plus d’IL-18 
circulantes ont permis de causer une mort cellulaire. Les sérums contenant des niveaux 
faibles d’IL-18 n’ont pas permis une mort fratricide des cellules NK en culture. Il est 
possible que la présence d’autres facteurs solubles sériques comme l’IL-18BP, des 
cytokines, ou des facteurs de croissances dans ces sérums aient pu affecter l’effet de 
l’IL-18. Cet effet mortel de l’IL-18 sur les cellules NK pourrait en fait représenter un 
mécanisme de rétro-contrôle négatif permettant de clore la réponse immunitaire 
inflammatoire. Il a été démontré dans le passé que la combinaison d’IL-12 et d’IL-15, 
ainsi que d’IL-2 et d’IL-12, pouvait causer la mort des cellules NK dépendante du TNF-
[381]. Les auteurs de cette étude n’ont cependant pas impliqué la voie Fas/FasL dans 
cette mort induite par ces cytokines. Concernant notre étude, nous avons aussi investigué 
si la voie des TRAIL pouvait être impliquée dans la mort induite par l’IL-18. Cependant, 
cette voie apoptotique n’a pas semblé être impliquée dans la mort induite par l’IL-18. Il 
est important de noter que l’IL-18, et non l’IL-2 ou l’IL-15, a été démontrée comme une 
cytokine ayant la capacité d’augmenter la mort cellulaire de cellules NK murines et de 
cellules T de type Th1 en utilisant la voie Fas/FasL [382-384]. Cependant, l’expression 
de FasL n’a pas été mesurée dans leurs expériences. Lors de notre étude, nous avons 
démontré pour la première fois que l’IL-18 induit l’expression de FasL à la surface de 
cellules NK primaires ainsi que la lignée NK92. Ces cellules expriment faiblement FasL 
de façon constitutive. Nous avons démontré que l’IL-18 active le promoteur du gène 
codant pour FasL lors d’expériences utilisant un gène rapporteur correspondant à cette 
protéine. Il est donc concevable que l’expression de FasL induite par l’IL-18 devrait 
résulter sur une augmentation de l’activité cytotoxique des cellules NK. Cependant, ces 
cellules FasL+ pourraient aussi causer la destruction de tissus et de différentes cellules 
qui expriment le récepteur Fas de façon constitutive. En effet, l’IL-18 a été impliquée 
dans des dommages médiés par FasL et le TNF- après induction par une endotoxine au 
niveau du foie chez la souris [385, 386]. Une étude a démontré que l’IL-18 empêchait 
l’apoptose des cellules NK lors de la lyse des cellules cibles [387]. Les auteurs de cette 
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étude ont attribué cet effet protecteur de l’IL-18 à une augmentation de l’expression des 
protéines TRAF-1 (TNF Receptor Associated Factor-1) et c-IAP (cellular-Inhibitor of 
Apoptosis). Une autre étude a montré que l’IL-18 induisait l’expression de CD83, CCR7 
et CD25 à la surface des cellules NK et augmentait leur capacité de migration vers les 
noeuds lymphatiques afin d’interagir avec d’autres immunocytes [388]. L’effet de l’IL-
18 sur ces fonctions helper concernant les cellules NK reste uniquement démontré lors 
de cette étude. Lors de notre étude, nous avons examiné la mort des cellules NK en 
réalisant des microcultures lors desquelles les cellules ont pu interagir entre elles après 
un traitement avec l’IL-18. Notre étude ne contredit donc en rien les observations 
réalisées par ces équipes. 
 
Nos résultats concernant l’augmentation de la concentration sérique de l’IL-18 
chez les patients infectés par le VIH-1 confirment les résultats d’études antérieures 
réalisées par mon laboratoire d’accueil ainsi que par d’autres équipes [389-392]. Nos 
résultats démontrent que la traitement antirétroviral (HAART) ne permet pas une 
normalisation de ces niveaux, et ce même chez les patients pour qui le traitement est 
efficace avec une charge virale indétectable. Des études récentes ont démontré que 
certaines drogues antivirales utilisées lors du traitement, comme les inhibiteurs de 
protéase, induisent la sécrétion de protéines inflammatoires comme l’IL-1, le TNF- et 
l’IL-6 [393]. Sachant que l’IL-1 et l’IL-18 appartiennent à la même famille et partagent 
des mécanismes similaires de production et de maturation, il serait donc possible que ces 
drogues augmentent aussi la production d’IL-18 lors du traitement, notamment au 
niveau des macrophages. Nous avons démontré pour la première fois que, de façon 
concomitante à une augmentation des niveaux sériques d’IL-18, une réduction des 
niveaux sériques d’IL-18BP a lieu chez ces mêmes patients infectés par le VIH-1 
(Figure 13). La conséquence directe de la baisse de l’antagoniste circulant naturel de 
l’IL-18 et du déséquilibre entre ces deux facteurs chez les patients correspond à une 
augmentation des niveaux sériques de l’IL-18 libre, non liée à l’IL-18BP, et donc 
biologiquement active. Ce déséquilibre résulte sur une augmentation de l’activité 
biologique de l’IL-18 circulante chez les patients infectés. Une autre étude a déjà montré 
que l’activité biologique de cette cytokine est augmentée dans les sérums d’individus 
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infectés par le VIH-1 [389]. Lors de notre étude, nous avons démontré que l’infection 
des macrophages par le VIH-1 pouvait contribuer au déséquilibre dans la production 
d’IL-18 et d’IL-18BP chez les patients infectés. L’infection de ces cellules, présentes 
dans différents tissus du corps humain, a d’ailleurs lieu in vivo [394]. Il est d’ailleurs 
établi que les macrophages sont parmis les premières cellules à être infectées au niveau 
des muqueuses, ce qui représente d’ailleurs la voie prédominante d’infection chez 
l’homme. Ces cellules représentent aussi un réservoir d’infection important chez les 
patients infectés par le VIH-1 sous traitement anti-rétroviral (HAART) [394]. Nos 
observations impliquent donc que le déséquilibre observé au niveau de ces deux 
cytokines a lieu tôt au cours de l’infection. En effet, l’augmentation des niveaux sériques 
d’IL-18 ainsi que la réduction de son antagoniste (observée lors de notre étude) ont lieu 
dans les stades précoces de l’infection [395]. Les études menées sur l’IL-18BP ont 
démontré que sa production est induite dans l’organisme comme un rétro-contrôle 
négatif en réponse à une augmentation de la production d’IL-18 afin de contrôler les 
effets biologiques pro-inflammatoires de cette dernière. Cette induction d’IL-18BP est 
en partie due à la production d’IFN- par les cellules T et les cellules NK en réponse à 
l’IL-18. L’IFN- est un stimulus qui permet de produire des niveaux importants d’IL-
18BP [396]. La réduction dans la production d’IL-18BP lors de l’infection semble être 
indépendante de la production d’IFN- lors de nos expériences in vitro car les 
macrophages sont reconnus pour ne pas produire cet interféron. De plus, nos données 
démontrent que l’IL-18 peut aussi directement inhiber la production de son antagoniste 
au niveau des macrophages humains. Une baisse dans la production d’IFN- circulants a 
été observée chez les patients infectés par le VIH-1 [397]. Une baisse dans la production 
des cytokines de type Th1, pour lesquelles l’IFN- est un prototype, a été impliquée dans 
l’immunopathogénèse associée au SIDA [276]. Bien que l’IL-18 soit un inducteur 
puissant d’IFN- au niveau des cellules T et des cellules NK, cet effet n’est observable 
que lorsqu’on combine l’IL-18 avec d’autres cytokines comme l’IL-12, l’IL-15 ou l’IL-
21. Comme les niveaux de ces trois cytokines sont considérablement réduits chez les 
personnes infectées, il n’est donc pas surprenant que la production d’IFN- soit faible 
chez ces mêmes patients [338, 398, 399]. De plus, des cytokines immuno-suppressives 
comme le TGF- et l’IL-10 sont reconnues pour inhiber la production d’IFN- en 
112  
réponse à l’IL-18. Les concentrations circulantes de ces cytokines sont d’ailleurs élevées 
chez les patients infectés par le VIH-1 [389, 398, 400-402]. Nous avons, lors de notre 
étude, démontré que le traitement de macrophages avec ces cytokines réduisait la 
production d’IL-18BP et ce d’une façon indépendante à l’IFN-. Ainsi, il semble que le 
milieu environnant les macrophages lors de l’infection in vivo peut aussi  contribuer, en 
parallèle à l’infection, à une réduction dans la production d’IL-18BP chez les patients. 
Des résultats conflictuels ont été obtenus concernant l’effet de l’IL-18 sur la réplication 
du VIH-1 in vitro [403]. Cette cytokine stimule en effet la réplication du VIH-1 in vitro 
dans des lignées cellulaires de type monocytaires et de type T alors que cette 
augmentation n’est pas observée au niveau des cellules primaires [404, 405]. Cependant, 
une étude a reporté que l’IL-18 inhibait la réplication des souches VIH-1 M- et T-
tropiques au niveau des PBMC totaux, et que cet effet inhibiteur était du à une 
augmentation dans la production d’IFN-[406]. Au niveau des PBMC, cet effet 
inhibiteur pourrait avoir lieu à cause de la production d’IFN- par les cellules NK. 
Cependant, l’IL-18 augmente la réplication du VIH-1 dans les cellules T CD4+ isolées, 
dans des lignées cellulaires de type T de patients infectés par le VIH-1, et dans des 
cellules monocytiques infectées par le VIH-1 au niveau desquelles l’IL-18 seule devrait 
induire la production d’IFN-. Comme mentionné plus haut, l’IL-18 à elle seule n’induit 
que faiblement la production d’IFN- et a besoin de la coopération d’autres cytokines. 
Sachant donc que les concentrations des cytokines collaboratrices sont réduites et que 
les concentrations de TGF- et d’IL-10 sont élevées chez les patients, il ne serait donc 
pas surprenant que l’IL-18 augmente la réplication du VIH-1 lors de l’infection de 
PBMC in vivo, ceci étant du principalement à une réduction des niveaux d’IFN- 
circulants. Une étude a d’ailleurs mis en relation la progression vers le SIDA et les 
niveaux élevés d’IL-18 et de son antagoniste chez les patients infectés [390, 407, 408]. 
 
L’IL-18 semble aussi avoir un rôle important au-delà du système immunitaire 
chez les patients infectés par le VIH-1 (voir chapitre 3 et Figure 13) [409]. Il a été 
documenté que cette cytokine jouait un rôle clef dans la déplétion des graisses sous-
cutanées au niveau des membres et du visage des patients sous traitement anti-rétroviral 
[410]. Cette fonte des graisses est un signe caractéristique de la lipodystrophie associée à 
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ce traitement [411-413]. Cette cytokine est également susceptible d’être impliquée dans 
l’incidence élevée des plaques athérosclérotiques, à la résistance systémique à l’insuline 
et donc au développement du diabète de type 2 chez ces patients [414-420]. De plus, une 
augmentation de la production de cette cytokine dans le cerveau en réponse au stress 
pourrait mener à des disfonctionnements cognitifs et moteurs qui aboutiront au 
développement d’une démence associée à l’infection par le VIH-1, un phénomène 
observé chez ces patients [421-423].  
  
 
 13-2 Discussion sur les études concernant l’IL-21  
 
Nos études portant sur l’IL-21 ont permis de montrer que les niveaux sériques 
d’IL-21 sont drastiquement réduits chez les patients infectés par le VIH-1 (Figure 13). 
Nous avons étudié sa régulation au niveau d’une très large cohorte de patients 
comprenant des patient au stade de la primo-infection, des patients chroniquements 
infectés avec ou sans traitement anti-rétroviral ainsi que différentes categories de 
patients non-progresseurs à long termes (LTNP). Nous avons aussi étudié l’expression 
de cette cytokine en réalisant une étude longitudinale sur des patients en primo-infection 
et chroniquement infectés avec ou sans traitement anti-rétroviral. Nos résultats 
démontrent pour la première fois que la production d’IL-21 est compromise dans la 
phase précoce de l’infection. Les sérums de tous nos différents groupes de patients ont 
démontré des concentrations réduites de cette cytokine par rapport aux sérums de 
patients non infectés par le VIH-1. Seuls les patients contrôleurs élites ne possèdaient 
pas de faibles niveaux d’IL-21 cicrulante au niveau de leurs sérums. Notre étude 
longitudinale chez des patients avec et sans traitement anti-rétroviral a révélée que le 
traitement a tendance à augmenter les concentrations sériques d’IL-21 bien que cette 
restauration soit partielle. D’une façon consistante avec nos résultats, le traitement anti-
rétroviral permet aussi d’augmenter les concentrations d’IL-2 et d’IL-15 chez les 
patients infectés par le VIH-1 [424-427].  
Une forte corrélation entre le taux de cellules T CD4+ et les concentrations d’IL-21 
sériques a été observée chez tous les différents groupes de patients. Cette corrélation a 
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aussi été observée lorsque les différents groupes formant la cohorte ont été regroupés 
d’une façon indépendante à leur stade clinique et leur traitement anti-rétroviral. Ces 
résultats suggèrent que les concentrations d’IL-21 circulante pourraient être considérées 
comme un biomarqueur fiable nous renseignant sur la perte des cellules T CD4+, la 
progression de la maladie, et la reconstitution immunitaire chez les patients infectés par 
le VIH-1. Ce marqueur pourrait être d’une grande utilité lorsque les chercheurs et les 
cliniciens ne peuvent avoir accès qu’à une quantité limitée de matériel biologique ou 
lorsqu’ils ne possèdent seulement que les sérums de patients. Ces résultats indiquent 
aussi que la déplétion des cellules T CD4+, qui est reconnue comme la caractéristique 
principale du développement du SIDA, contribue à la baisse de la concentration 
circulante de cette cytokine chez les patients infectés. 
Lors de cette étude, nous avons démontré que les cellules T CD4+ des patients infectés 
ont une capacité réduite à produire l’IL-21 par rapport aux cellules provenant de patients 
non infectés. De plus, la quantité des différents sous-types de cellules T CD4+ 
spécifiques au VIH-1 et produisant de l’IL-21 (CD27+CD45RA-CCR7+, 
CD27+CD45RA-CCR7- and CD27-CD45RA-CCR7-) est significativement réduite par 
rapport aux mêmes sous-types de cellules qui sont spécifiques au Cytomégalovirus 
humain (HCMV). La production d’IFN- au niveau de ces cellules spécifiques au VIH-1 
n’est cependant pas différente de celle des cellules spécifiques au HCMV. Nos données 
suggèrent donc que l’infection par le VIH-1 cause une déplétion des cellules produisant 
de l’IL-21 qui sont spécifiques au VIH-1. Bien que nos données obtenues lors 
d’expériences in vitro sur des cellules T CD4+ infectées par le VIH-1 démontrent que 
l’infection n’affecte pas la production d’IFN-, des études ex vivo réalisées sur des 
PBMC de patients infectés par le VIH-1 ont révélé que la fréquence des cellules T CD4+ 
spécifiques au HCMV (de phénotype CD27-CD45RA-CCR7- et produisant des 
cytokines) était réduite chez ces patients par rapport aux donneurs sains. Cette différence 
pourrait être attribuée au fait que in vivo, beaucoup de facteurs induits par l’infection 
virale peuvent affecter la production de ces cytokines. Il est important de noter que le 
sous-type CD27-CD45RA-CCR7- de cellules T CD4+ est complétement différencié et 
produit des quantités maximales d’IFN-[341]. D’autres études seraient nécessaires afin 
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de déterminer ce qui cause vraiment une réduction de la fréquence des cellules T CD4+ 
spécifiques au VIH-1 chez les patients. 
Nous avons démontré pour la première fois dans cette étude que l’infection in vitro de 
cellules T CD4+ humaines réduit leur capacité à produire de l’IL-21. Ceci explique en 
partie la baisse dans la capacité des cellules T CD4+ de patients infectés par le VIH-1 à 
produire cette cytokine. Cependant, toutes les cellules T CD4+ présentes dans 
l’organisme des patients infectés ne sont pas infectées par le virus [428]. Il est donc 
fortement probable qu’une ou plusieurs cytokines immunosuppressives présentes en 
grande quantité dans leurs organisme, comme l’IL-10 et le TGF-[322, 350], pourraient 
aussi induire une réduction dans la sécrétion de l’IL-21 au niveau de ces cellules. Il est 
claire que d’autres études à ce sujet devraient être considérées afin d’investiguer le rôle 
du réseau de cytokines présent chez les patients sur la production de l’IL-21.  
Une étude convaincante a démontré le rôle clef du facteur de transcription c-Maf dans la 
transcription de l’IL-21 [80]. En effet, les souris KO pour ce facteur de transcription ont 
une réduction drastique des concentrations d’IL-21 circulantes [80]. Le facteur de 
transcription c-Maf est l’homologue cellulaire de la protéine oncogène virale v-Maf et 
représente l’un des premiers facteurs identifiés étant impliqué dans la production des 
cytokines de type Th2. Une augmentation de la présence de ce facteur de transcription 
est d’ailleurs reconnue pour augmenter la production d’IL-21 au niveau des cellules T 
CD4+ [80, 429]. Par conséquent, nous avons chercher à déterminer si la baisse dans la 
production de l’IL-21 lors de l’infection in vitro était en relation avec une éventuelle 
régulation de ce facteur de transcription. Nos expériences ont en effet démontré que 
l’infection de PBMC et de cellules T CD4+ isolées in vitro résulte sur une réduction de 
la production de c-Maf. Cette réduction a lieu uniquement au niveau des cellules 
infectées produisant du virus et non dans les cellules non infectées. Nos résultats sont de 
plus renforcés par le fait que l’inhibition de c-Maf par un siRNA entraîne une réduction 
de la production d’IL-21 et d’IL-4, qui est reconnue comme une cytokine de type Th2 
étant positivement régulée par ce facteur de transcription [429]. Il semble donc que la 
réplication virale soit nécessaire pour permettre une baisse de la présence du facteur de 
transcription c-Maf, résultant ainsi sur une réduction de la production d’IL-21. En effet, 
nos résultats démontrent aussi que l’infection de ces cellules par un virus inactivé par 
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rayons ultra-violets ou par la chaleur ne permet pas de réduire la production de cette 
cytokine ainsi que celle de ce facteur de transcription (résultats non montrés). Ces 
résultats on donc permis de révéler un des mécanismes moléculaires permettant la 
réduction de la production de l’IL-21 au niveau des cellules T CD4+ infectées par le 
VIH-1.  
Une baisse de la capacité de survie ex vivo des cellules immunes des patients infectés par 
le VIH-1 représente un fait très bien documenté [314, 430, 431]. La déplétion des 
cellules T CD4+, qui sont la cible principale du VIH-1, représente l’observation 
caractéristiques du SIDA et la restauration complète de ce compartiment cellulaire 
représente un véritable challenge chez les patients [430, 432]. Le traitement anti-
rétroviral (HAART) est reconnu pour être très efficace en ce qui concerne l’arrêt de la 
réplication virale et la diminution de la charge virale mais est nettement moins efficace 
en ce qui concerne la restauration des taux de cellules T CD4+ à leurs niveaux 
physiologiques normaux. De ce fait, les scientifiques tentent donc de trouver des moyens 
de pallier à ce problème en utilisant des thérapies basées sur des cytokines telles que 
l’IL-2, l’IL-7 et l’IL-15, qui ont un rôle clef sur l’homéostasie des cellules T (voir 
chapitre 7) [373, 377, 433-435]. Nos résultats démontrent d’ailleurs que l’IL-21 possède 
la capacité d’empêcher la mort des cellules T CD4+ lors de cultures ex vivo. Cet effet 
positif sur la survie des cellules T CD4+ et CD8+ a déjà été démontré ultérieurement 
[436]. Ces études ont démontré que l’IL-21 active la PI-3K, augmente l’expression de la 
protéine Bcl-2, empêche la réduction de la taille des cellules et une mort spontanée lors 
de cultures ex vivo. Nos résultats démontrent de plus que cet effet de survie sur les 
cellules T CD4+ de patients infectés par le VIH-1 est plus important que celui observé 
sur les cellules patients non infectés. L’IL-21 a permis d’augmenter d’un facteur 6 le 
nombre de cellules T CD4+ vivantes au niveau des patients infectés alors que seulement 
d’un facteur 3 pour les cellules de donneurs sains. Ceci pourrait d’ailleurs être dû à une 
augmentation de l’expression de l’IL-21R à la surface des cellules T CD4+  de patients. 
Ces résultats suggèrent qu’une réduction de la survie de ces cellules ex vivo pourraient 
être une conséquence de la baisse de la production de cette cytokine. Cette cytokine 
pourrait donc représenter un outil thérapeutique approprié pour restaurer la survie des 
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cellules T CD4+ ainsi que d’autres lymphocytes, et finalement augmenter la 
reconstitution immune chez les patients. 
Plusieurs études ont démontré les différents effets biologiques de l’IL-21 permettant de 
renforcer les fonctions effectrices des cellules immunes. L’IL-21 augmente le potentiel 
cytotoxique des cellules T CD8+, notamment en induisant l’expression de perforine 
[155]. Ainsi, des faibles niveaux d’IL-21 chez les patients infectés par le VIH-1 
pourraient résulter sur des fonctions effectrices de ces cellules qui seraient compromises. 
En effet, une baisse de l’expression de perforine au niveau des cellules T CD8+  est 
observée chez les patients [341]. Plusieurs études futures seront nécessaires afin de 
comprendre et d’apprécier de façon plus concrète les conséquences de la réduction de 
cette cytokine chez les patients, son impact sur la réponse immunitaire antivirale et la 
progression de la maladie. Des faibles niveaux d’IL-21 pourraient donc affecter la survie 
ainsi que la prolifération et la fonction de plusieurs cellules immunes comme les cellules 
T cytotoxiques, les cellules NK et bien d’autres compartiments cellulaires. Nous avons 
d’ailleurs démontré que des concentrations élevées d’IL-21 sont associées avec une 
haute fréquence de cellules T CD8+ ainsi qu’une meilleure fonctionnalité de ces cellules 
chez les patients infectés par le VIH-1. Ainsi, une déficience au niveau de cette cytokine 
pourrait affecter la capacité d’un individu à contrôler l’infection. En effet, des études in 
vivo récentes ont montré que l’IL-21 est une cytokine indispensable pour contrôler 
l’infection virale chronique (voir chapitre 2-6) [230-232]. Une production compromise 
de cette cytokine pourrait donc être une des raisons qui empêche l’homme de contrôler 
l’infection par le VIH-1 et le développement du SIDA.     
 
Lors de nos études, nous nous sommes intéréssés à la capacité de l’IL-21 à 
moduler les activités cytotoxiques et sécrétrices des cellules NK humaines (Figure 13). 
Nous avons démontré pour la première fois que tous les sous-types majeurs de cellules 
NK (CD56brightCD16+, CD56dimCD16+, CD56brightCD16-, CD56-CD16+) exprimaient de 
façon constitutive des niveaux équivalents d’IL-21R. De plus, notre étude a permis de 
montrer que l’expression de l’IL-21R n’est aucunement altérée chez les patients infectés 
par le VIH-1 quel que soit leur stade clinique et ce pour tous les différents sous-types de 
cellules NK. Par conséquent, ces données suggèrent que tous les sous-types de cellules 
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NK peuvent répondre de façon similaire à de l’IL-21 recombinante exogène. Ces 
données sont d’ailleurs consistantes avec d’autres études qui ont reporté une expression 
équivalente du récepteur à la surface des sous-types CD3-CD56bright et CD3-CD56dim 
[437].  
Nous avons démontré lors de cette étude que l’IL-21 augmente la cytotoxicité médiée 
par les cellules NK contre des cellules cibles (CEM). L’IL-21 augmente l’expression de 
marqueurs de fonctionnalités cytotoxiques comme la perforine, le marqueur de 
dégranulation CD107a (LAMP-1) et l’IFN-. Un effet additif a été observé lorsque l’IL-
21 a été combinée à de l’IL-2 ou de l’IL-15 concernant la cytotoxicité des cellules NK. 
Lorsque que nous avons incubé des cellules cibles exprimant de façon stable les 
gp120/gp41 du VIH-1 avec de sérums de patients infectés par le VIH-1, nous avons 
démontré que l’IL-21 augmente la cytotoxicité cellulaire dépendante des anticorps 
(ADCC) médiée par les cellules NK. L’IL-21 possède la capacité d’augmenter le 
mécanisme d’ADCC à un niveau similaire à d’autres cytokines comme l’IL-2 ou l’IL-
15. Aucun effet additif sur l’ADCC a été observé lorsque ces cytokines ont été utilisées 
en combinaison, ceci étant sûrement dû à une augmentation parallèle de la lyse directe 
des cellules cibles. Lors de l’ADCC, les cellules NK lysent leurs cibles en utilisant des 
anticorps qui se lient au niveau de leur partie Fc à un récepteur de faible affinité présent 
sur ces cellules appelé CD16 (FcRIIIa) [438]. Nos études ont démontré que l’IL-21 
n’affecte pas l’expression du CD16 à la surface des cellules NK tant au niveau des 
cellules de patients que des cellules de donneurs sains (résultats non montrés). Plusieurs 
études avaient démontré ultérieurement que l’IL-21 augmente la lyse directe ainsi que 
l’ADCC de cellules NK humaines et murines [439-442].  
Il est reconnu que, après liaison à l’IL-21R, l’IL-21 permet la phosphorylation et donc 
l’activation la protéine STAT-3 dans les cellules T et les cellules NK [443]. Nos 
résultats expérimentaux confirment ceci et démontrent de plus que la signalisation 
médiée par l’IL-21 a lieu en activant les protéines ERK-1, ERK-2, p38 et Akt au niveau 
des cellules NK. Nous n’avons cependant pas observé d’activation des protéines JNK et 
Vav. De plus, nous avons démontré le lien entre ces signalisations et les fonctions 
effectrices des cellules NK. Nous montrons que la cucurbitacine, un inhibiteur 
pharmacologique de la phosphorylation de STAT-3, inhibe complètement 
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l’augmentation des fonctions effectrices médiée par l’IL-21 comme la cytotoxicité, la 
sécrétion d’IFN-, la dégranulation et l’expression de perforine. Les inhibiteurs de la PI-
3K, de Akt, des ERK et de la p38 ont tous été capable d’inhiber les fonctions des 
cellules NK sauf la capacité de dégranulation de ces dernières (résultats non montrés).  
Contrairement aux cytokines appartenant à la même famille, l’IL-21 n’augmente pas à 
elle seule la prolifération des cellules NK. Lorsqu’utilisée seule, l’IL-21 n’a pas 
augmenté la capture de thymidine tritiée au niveau des cultures in vitro. Cependant, cette 
cytokine augmente la synthèse d’ADN et la prolifération de ces cellules en combinaison 
avec d’autres cytokines comme l’IL-2 et l’IL-15. Des résultats similaires concernant son 
effet sur la prolifération ont pu être observés avec les cellules T CD8+ [91, 149, 444]. 
Ainsi, nos résultats diffèrent de ceux obtenus lors de différentes études qui ont reporté 
un effet inhibiteur ou activateur de l’IL-21 utilisée seule sur la prolifération de ces 
cellules [165, 170]. Nous montrons lors de notre étude, et ce pour la première fois, que 
l’IL-21 augmente l’expression des protéines anti-apoptotiques Bcl-2 et Bcl-XL au niveau 
des cellules NK. Elle augmente de ce fait la viabilité de ces dernières lors de cultures 
avec des conditions sub-optimales de croissance (faible concentration en sérum foetal). 
Cette cytokine était déjà connue pour avoir cet effet au niveau des cellules T murines 
ainsi que pour augmenter leur granulosité et leur taille [436]. Lors de nos expériences, 
nous avons seulement observé une augmentation de la granulosité des cellules NK 
humaines mais aucune augmentation au niveau de leur taille a été observée. En 
augmentant la viabilité des cellules NK, l’IL-21 contribue donc à leur prolifération 
induite par d’autres cytokines. Ces effets de survie de l’IL-21 sont donc similaires à ceux 
observés au niveau des cellules T. 
Lors de notre étude, nous avons aussi voulu déterminer si l’IL-21 pouvait améliorer les 
capacités fonctionnelles des cellules NK de patients infectés lors d’expériences ex vivo. 
Nous avons démontré que l’IL-21 augmente de façon significative la cytotoxicité, la 
dégranulation, la survie ainsi que l’ADCC médiés par les cellules NK de ces patients. 
Nos résultats sont donc en accord avec ceux obtenus par Strbo et al. qui ont reporté un 
effet activateur de cette cytokine sur les fonctions effectrices médiées par ces cellules 
chez les patients infectés par le VIH-1 [443]. Ce groupe de recherche a d’ailleurs 
documenté une effet positif de cette cytokine sur les cellules T CD8+ de patients infectés 
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par le VIH-1 [155]. Lors de leur étude utilisant des patients avec une charge virale 
inférieure à 50 copies/ml et un taux de cellules T CD4+ supérieur à 200 cellules/μl de 
sang, ils ont montré que le traitement des cellules T CD8+ avec l’IL-21 résultait sur une 
augmentation d’expression de la perforine, spécialement au niveau des sous-types 
mémoires et effecteurs. Cependant, l’IL-21 n’a pas augmenté la dégranulation induite 
par le TCR de ces cellules, ni leur prolifération et leur état général d’activation. D’une 
manière générale, ces données montrent de façon claire que l’IL-21 est capable 
d’augmenter les activités fonctionnelles des cellules NK de patients lors d’expériences 
ex vivo. Sachant que les concentrations d’IL-21 sont réduites chez ces patients, ces 
données sont donc d’une relevance particulière concernant le contrôle de l’infection par 
le système immunitaire. 
Malgré leur effet positif sur l’immunité antivirale, le principal désavantage de 
l’utilisation des cytokines, ou d’autres modificateurs de la réponse biologique, est leur 
capacité à augmenter la réplication du VIH-1. L’IL-15 est d’ailleurs reconnue pour avoir 
un effet plus faible concernant cette augmentation de la réplication virale par rapport à 
d’autres cytokines comme l’IL-2 ou l’IL-12 [445-447]. L’IL-7 a aussi été démontré 
comme une cytokine capable d’augmenter la réplication du VIH-1 chez les patients 
infectés [448]. En comparant trois différentes cytokines qui sont l’IL-2, l’IL-15 et l’IL-
21, nous avons obervé que cette dernière cytokine était la cytokine qui activait le moins 
la réplication du VIH-1. L’IL-21 ne modifie pas l’expression du récepteur et des co-
récepteurs permettant l’entrée du virus dans les cellules cibles, et n’active pas la 
transcription du génome viral à partir du LTR du VIH-1 (résultats non montrés). Cette 
cytokine n’augmente pas la réplication du VIH-1 lors de l’infection de macrophages 
humains par une souche M-tropique (résultats non montrés). De plus, nos résultats ont 
démontré que cette cytokine n’augmente pas la production de virus endogènes lorsqu’on 
l’ajoute à des cultures ex vivo prolongées de PBMC provenant de patients 
chroniquement infectés virémiques et sans thérapie anti-rétrovirale.  
Plusieurs études in vitro ont démontré la capacité des cellules NK à supprimer la 
réplication du VIH-1 lors de co-cultures avec des cellules T CD4+ autologues infectées 
[262, 449]. Lors de notre étude, nous avons voulu déterminer l’effet de l’IL-21 sur la 
réplication virale lors de ces cultures. Nous avons démontré que l’IL-21 augmente 
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l’inhibition de la réplication médiée par les cellules NK lors de co-cultures avec des 
cellules T CD4+ autologues. En utilisant des anticorps neutralisant dirigés contre la 
protéine d’adhésion LFA-1, contre la perforine, ou contre l’IFN-, nous avons investigué 
si cette inhibition de la réplication virale avait lieu lors d’un contact entre cellules NK et 
cellules T CD4+, ou était simplement due à la sécrétion d’IFN- par les cellules NK. 
Nous avons démontré un rôle important de la protéine LFA-1, permettant le contact 
entre les deux types cellulaires, dans l’inhibition médiée par les cellules NK. Il semble 
donc qu’un contact cellulaire entre la cellule NK et sa cible soit nécessaire pour 
permettre cette inhibition. En effet, lors de l’utilisation d’un anticorps contre l’IFN-, 
l’effet suppresseur des cellules NK n’a pas été inhibé, ce qui suggère que ce facteur 
soluble ne joue en rien sur cette inhibition. LFA-1, en interagissant avec la protéine 
ICAM-3, est une protéine nécessaire permettant la formation d’une synapse 
immunologique entre les cellules NK et leurs cibles [450-452]. Cette interaction favorise 
aussi grandement la capacité des cellules NK à dégranuler [452]. Le fait que l’inhibition 
de LFA-1, et non celle de la perforine, bloque complétement l’effet suppresseur des 
cellules NK suggère que l’anticorps anti-LFA-1 inhibe aussi l’infection et la 
dissémination du virus d’une cellule T CD4+ à une autre cellule T CD4+. En effet, LFA-
1 joue un rôle important  au niveau de ce type de dissémination du VIH-1 qui représente 
sûrement un des modes d’infections le plus efficace in vivo [453]. Nos résultats in vitro 
ont aussi démontré que l’IL-21 n’a aucun effet sur l’expression de LFA-1 à la surface de 
cellules NK (résultats non montrés). Cependant, il reste à savoir si l’IL-21 ne pourrait 
pas causer des changements conformationels permettant d’augmenter l’affinité de cette 
molécule d’adhésion à son ligand. Finalement, nos résultats de co-cultures in vitro ont 
montré que les cellules NK traitées avec de l’IL-21 pouvaient lyser de façon efficace des 
cellules T CD4+ autologues infectées par le VIH-1. Ainsi, cette cytokine pourrait être 
utilisée pour augmenter les fonctions antivirales des cellules NK afin de contrôler la 
réplication du VIH-1 chez les patients infectés. 
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Figure 13. Schéma récapitulant l’ensemble des découvertes réalisées sur la 
dérégulation de l’IL-18 et de l’IL-21 lors de l’infection par le VIH-1 et leurs 
conséquences sur le système immunitaire de l’hôte infecté.  
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L’utilisation des cytokines de type I comme l’IL-2, l’IL-7 et l’IL-15 afin 
d’augmenter les fonctions, la prolifération, et la survie des cellules ayant un rôle dans 
l’immunité antivirale chez les patients infectés par le VIH-1 a été d’un grand intérêt 
depuis les dernières décénnies. L’utlilisation potentielle de l’IL-21 dans le traitement des 
maladies virales est donc à son tour d’un intérêt particulier pour la communauté 
scientifique. Lors d’une étude réalisée en utilisant un modèle murin d’infection par le 
HSV-1, Rodrigues et al. ont montré que l’injection d’un plasmide codant pour l’IL-21 
augmentait la fréquence des cellules T CD8+ spécifiques au virus même sans la présence 
d’antigènes viraux, et que la force de la réponse médiée par ces cellules étaient 
dépendante de la signalisation par leur TCR [454]. L’injection de plasmides codant pour 
l’IL-15 et l’IL-21 a permis d’augmenter le nombre de cellules T CD8+ spécifiques aux 
antigènes du HSV-1 qui produisent de l’IFN- lors de la phase aigüe de l’infection. Lors 
de l’infection chronique, le nombre de cellules T CD8+ produisant de l’IFN- et du TNF-
 a été augmenté lors de l’injection de plasmides codant pour l’IL-15 et l’IL-21 seules 
ou en combinaison. Leur étude montre aussi une association entre la présence 
d’antigènes viraux et l’injection de plasmides codant pour ces cytokines permettant une 
augmentation de la réponse proliférative des cellules T CD8+. De plus, la combinaison 
de l’ADN codant pour ces cytokines ou la combinaison de cet ADN et des antigènes 
viraux augmente la prolifération et la polyfonctionnalité des cellules T CD8+. Ces 
données suggèrent que ces deux cytokines peuvent contribuer à augmenter la réponse 
immunitaire antivirale contre l’infection par le HSV-1, et à renforcer leur capacité à 
surpasser l’absence d’antigènes viraux pour médier les fonctions effectrices des cellules 
T CD8+. 
Lors d’une autre étude, l’injection intravasculaire d’un ADN plasmidique codant pour la 
glycoprotéine B du HSV-1, ainsi que celle d’un plasmide codant pour l’IL-21, a été 
capable d’élever le taux de survie des souris infectées par le HSV-1 [455]. Les 
lymphotytes T cytotoxiques spécifiques à la glycoprotéine B ainsi que la production 
d’anticorps neutralisant contre le virus ont été augmentés. 
Des études réalisées sur des cellules T CD4+ spécifiques au HCMV ont démontré que la 
stimulation du sous-type CD45RA+CD27-CCR7- avec leurs peptides appropriés ainsi 
que par l’IL-21 a permis d’induire leur expansion clonale [444]. De plus, l’IL-21 a 
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permis de changer leur phénotype vers un phénotype CD45RO et a permis de 
promouvoir l’expression du récepteur CCR7, alors que leurs fonctions effectrices sont 
restées intact. D’une manière similaire, des études récentes ont montré que la stimulation 
antigène-spécifique in vitro par des peptides du HCMV en combinaison avec de l’IL-21 
permet d’induire la ré-expression du CCR7 sur les cellules T CD8+ spécifiques au 
HCMV [456]. Ces cellules qui ré-expriment le CCR7 exprimeront de plus le CD62L et 
pourront réagir de façon spécifique à une stimulation par des chimiokines. En effet, ces 
cellules ont été capable de migrer en présence d’un gradient de chimiokines lors 
d’expériences classiques de migration in vitro. Ces données suggèrent que la stimulation 
antigènique combinée avec le traitement par l’IL-21 peut induire la ré-expression 
fonctionelle du CCR7, autorisant ainsi les cellules T CD8+ à migrer au niveau des sites 
inflammatoires critiques lors des infections virales. Par conséquent, l’IL-21 pourrait non 
seulement augmenter l’exécution directe des fonctions effectrices de ces cellules, mais 
pourrait aussi aider au contrôle de la réplication des virus dans une situation de ré-
infection ou de ré-activation de virus latents.  
Lors d’études in vivo, Bolesta et al. ont démontré qu’un plasmide codant pour l’IL-21 
seule ou en combinaison avec celui codant pour l’IL-15 étaient capable de réguler la 
réponse immunitaire contre la glycoprotéine d’enveloppe (Env) du VIH-1 [439]. Des 
souris ont été injectées par un vecteur exprimant les protéines Env modifiées contenant 
des mutations au niveau de la région C-terminale. Au niveau de ce vecteur, les régions 
divergentes et variables V1, V2 et V3 de la souche CXCR4-tropique (HxB2) ont été 
remplacées par la région Env de la souche virale double tropique 89.6. Ce virus 
recombinant de la vaccine exprimait donc la glycoprotéine Env du virus 89.6 (vBD3). 
En injectant ce virus recombinant dans les souris, ils ont remarqué que l’injection d’un 
plasmide codant pour l’IL-21 a permis de fournir une résistance soutenue à la réplication 
et à la transmission du virus. Les plasmides codant pour l’IL-21 et l’IL-15 ont agit de 
façon synergétique pour augmenter la réponse immunitaire mémoire induite lors du 
challenge par le vecteur recombinant vBD3. La synergie entre ces deux cytokines a 
permis de promouvoir l’expansion des cellules T CD8+ mémoires spécifiques aux 
glycoprotéines d’enveloppes. Le traitement par l’IL-21 et l’IL-15 a résulté sur 
l’augmentation des fonctions effectrices des cellules T CD8+, permettant ainsi une 
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protection efficace contre le vBD3. Cette protection a semblé être partiellement 
indépendante de l’aide des cellules T CD4+. De plus, ces deux cytokines ont été capable 
d’augmenter l’ADCC et la lyse médiée par le complément (CDCC) contre des cellules 
cibles exprimant les glycoprotéines d’enveloppes en augmentant le niveau de production 
d’anticorps neutralisants spécifiques à ces protéines.  
Plusieurs études pré-cliniques ont aussi démontré le rôle potentiel de l’IL-21 exogène 
dans la réponse anti-tumorale et ce au niveau de différents modèles in vivo de cancers 
(voir chapitre 2-6). De plus, plusieurs études in vitro ont démontré que l’IL-21 pouvait 
directement induire l’apoptose des lymphômes de cellules B divers et des cellules 
leucémiques lymphocytiques chroniques. Ces données prometteuses ont permis aux 
chercheurs et aux cliniciens de commencer des essais cliniques ayant pour but d’utiliser 
l’IL-21 pour traiter différents types de cancers. A ce jour, trois essais cliniques de phase 
I et II utilisant l’IL-21 recombinante ont été complétés concernant les mélanomes, les 
carcinomes de cellules rénales et les lymphômes B non-Hodgkiniens [457-459]. Ces 
études cliniques ont fournit des informations précieuses sur l’efficacité et la tolérance de 
ce traitement chez des patients ayant atteints des stades avancés de cancers. De plus, des 
essais cliniques basés sur l’utilisation de l’IL-21 seule ou en combinaison avec d’autres 
agents thérapeutiques sont en cours concernant le traitement d’une variété de cancers. 
D’une manière générale, l’ensemble de ces études ont permis de démontrer que des 
cycles d’injection répétés d’IL-21 exogène sont bien tolérés par le corps et que 
l’administration de cette cytokine ne semble pas déclencher de réaction auto-immune.  
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14- Conclusions 
 
Bien que le VIH-1 ait été étudié intensivement depuis sa découverte en 1983, les 
mécanismes moléculaires résultant sur une déficience du système immunitaire ainsi que 
sa restauration sont toujours d’intérêt. Les moyens permettant d’élaborer de nouvelles 
stratégies thérapeutiques, permettant de promouvoir la réponse immunitaire antivirale, 
sont toujours sous investigations par la communauté scientifique. 
La difficulté concernant la compréhension de ces mécanismes réside dans la complexité 
incroyable existant entre les facteurs viraux agissant lors de l’infection, les mécanismes 
immunitaires impliqués dans son contrôle, et spécialement l’immunité médiée par les 
cytokines. Le développement de souches virales résistantes au traitement ainsi que 
l’incapacité du traitement à éradiquer complétement le virus de l’organisme soutiennent 
l’idée et la nécesssité d’un traitement supplémentaire chez ces patients. Ceci aiderait le 
traitement antiviral à restaurer le système immunitaire de l’hôte infecté pour éliminer 
totalement le virus. C’est donc par la compréhension de la biologie des cytokines et des 
mécanismes résultant sur leur dérégulation lors de l’infection que de nouvelles stratégies 
thréapeutiques pourront être développées. En comprenant comment le virus perturbe le 
réseau cytokinique de l’hôte infecté, nous pourrons mieux comprendre comment la 
réponse immunitaire antivirale fonctionne et comment la renforcer pour lutter contre 
l’infection. Cependant, ces stratégies thérapeutiques se doivent d’être mesurée et 
fortement contrôlée, car il est bien reconnu de nos jours que les cytokines peuvent 
exhiber des effets complétement contraires à ceux escomptés si elles sont utilisées d’une 
manière non appropriée. 
 
Lors de ces études, nous avons finalement pu répondre aux questions que nous nous 
étions posées. Nous avons exploré la régulation de l’IL-18 et de son antagoniste naturel 
l’IL-18BP chez les patients infectés par le VIH-1 (Figure 13). Nous avons aussi pu 
étudier l’impact des niveaux élevés d’IL-18 et du déséquilibre existant avec son 
antagoniste sur l’homéostasie et la fonctionnalité des cellules NK chez les patients 
infectés par le VIH-1. Nous avons été capable de mettre en relation l’importance de cette 
dérégulation sur la réplication du VIH-1 et sur l’immnunopathogénèse associée à 
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l’infection par le VIH 1. Par ses propriétés pro-inflammatoires et immunostimulantes, 
l’IL-18 est capable de protéger l’hôte contre les infections virales et bactériennes. En 
induisant la production  d’IFN-, elle peut induire un état antiviral dans les cellules hôtes 
et favoriser le développement d’une réponse antivirale de type Th1. Cependant, la 
dualité de cette cytokine réside dans sa capacité à promouvoir des réponses de type Th2 
en présence d’un environnement cytokinique particulier. Sachant que l’infection par le 
VIH-1 est accompagnée d’une perturbation drastique du réseau de cytokines produites, 
la capacité de l’IL-18 à induire la sécrétion d’IFN-γ se trouve affaiblie, ce qui inhibera la 
production d’IL-18BP et permettra le développement d’une réponse Th2. Le 
déséquilibre entre l’IL-18 et l’IL-18BP chez les patients infectés peut aussi perturber la 
réponse antivirale médiée par les cellules NK ou promouvoir la destruction des tissus 
médiée par la voie Fas/FasL. De plus, l’IL-18 augmente la réplication virale au niveau 
des cellules T CD4+ infectées. Ainsi, les concentrations élevées d’IL-18 chez les patients 
semblent agir comme un inconvénient plutôt qu’un avantage.  
Les concentrations élevées d’IL-18 chez les personnes infectées par le VIH-1 sont aussi 
susceptibles de jouer un rôle dans les conditions cliniques associées à l’infection et au 
traitement anti-rétroviral. Par conséquent, sa neutralisation pourrait représenter une 
stratégie immunothérapeutique utile et appropriée chez ces patients. Elle pourrait 
retarder la progression du SIDA et améliorer le système immunitaire des personnes 
infectées. Afin d’améliorer les conditions de ces patients, les effets néfastes de l’IL-18 
pourraient être neutralisés en utilisant son inhibiteur naturel, soit de l’IL-18BP exogène, 
afin de moduler l’activité de l’IL-18 in vivo à des niveaux souhaitables.    
 
Nos études sur l’IL-21 ont permis de comprendre comment l’IL-21 était régulée chez les 
patients infectés par le VIH-1 (Figure 13). Nous avons pu mettre en évidence, lors de 
nos études in vitro, un des mécanismes moléculaires permettant de réduire la production 
d’IL-21 au niveau des cellules T CD4+. Nous avons de plus pu mettre en relation les 
faibles niveaux d’IL-21 observables chez les patients infectés et leur impact sur 
l’homéostasie des cellules T CD4+, des cellules T CD8+, et des cellules Natural Killer. 
Nos études ont permis d’oberver l’effet de l’IL-21 exogène sur les fonctions effectrices 
des cellules du système immunitaire chez les patients infectés par le VIH-1 comme les 
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cellules Natural Killer et les cellules T CD8+ cytotoxiques. Ces études permettent donc 
de fournir des informations utiles concernant l’utilisation potentielle de l’IL-21 en tant 
qu’agent immunothérapeutique. Du fait que cette cytokine possède un rôle pléïotropique 
sur le système immunitaire, le traitement des patients infectés par le VIH-1 avec l’IL-21 
pourrait permettre d’augmenter la réponse antivirale médiée par les lymphocytes T 
cytotoxiques et les cellules Natural Killer ainsi que la réponse humorale médiée par les 
cellules B , qui permettra la production d’anticorps neutralisants anti-VIH efficaces. Par 
conséquent, cette cytokine semble représenter un candidat de première classe pour le 
traitement des patients souffrant du SIDA ou d’infections virales chroniques d’une 
manière générale. Dans le cas des patients infectés par le VIH-1 qui développent le 
SIDA, le traitement par l’IL-21 pourrait être utilisé afin de restaurer les concentrations 
physiologiques de cette cytokine, afin d’augmenter la réponse antivirale, et finalement 
aider à la reconstitution des différentes composantes du système immunitaire. Sachant 
que l’IL-21 est une cytokine qui semble être bien tolérée par l’organisme par rapport à 
d’autres cytokines, l’utilisation thérapeutique de cette dernière dans le traitement des 
patients infectés par le VIH-1, ou bien en tant qu’adjuvant vaccinal, devrait être 
sérieusement considérée dans un futur proche.    
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15- Perspectives 
 
Plusieures perspectives découlent des travaux realisés pendant ma thèse de 
doctorat ainsi que ceux réalisés par d’autres équipes travaillant sur ces cytokines.  
Par exemple, aucune information n’est disponible à ce jour sur l’expression de l’IL-18R 
chez les patients infectés par le VIH-1 ainsi que sur la bonne fonctionnalité de ce dernier 
lors d’une signalisation par l’IL-18. L’effet néfaste des niveaux élevés de l’IL-18 sur la 
réponse immune antivirale ainsi que leurs influences sur les conditions cliniques des 
patients suggèrent fortement des essais cliniques ciblant sa neutralisation chez les 
personnes infectées par le VIH-1. L’inhibition de l’IL-18 pourrait être réalisée en 
utilisant de l’IL-18BP exogène. 
A la vue des études présentées dans cette thèse, il semble important d’étudier 
l’expression et la régulation de l’IL-21 dans d’autres maladies virales chroniques comme 
celles induites par le virus de l’hépatite C et le virus de l’influenza, ou bien lors 
d’infections par des virus herpès. 
Afin d’être capable d’augmenter ou de neutraliser les effets biologiques de l’IL-21 lors 
d’infections, il est nécessaire de comprendre à quel(s) stage(s) et dans quel(s) contexte(s) 
la signalisation médiée par l’IL-21 est nécessaire. 
Bien que cela puisse paraître surprenant, les sites de production in vivo de l’IL-21 ne 
sont toujours pas définis. L’utilisation de souris contenant un gène rapporteur pour cette 
cytokine permettra de répondre d’une façon tissu-spécifique à cette question. Ceci 
permettra de connaître l’expression physiologique de l’IL-21 ainsi que les mécanismes 
contrôlant les niveaux de cette cytokine. Il semble donc important de mieux comprendre 
et de développer des façons de contrôler l’expression de l’IL-21 et de son récepteur. 
Ceci passera donc par une meilleure compréhension des mécanismes de signalisation 
médiés par l’IL-21. 
Une bonne compréhension de l’effet de l’IL-21 sur les différents compartiments du 
système immunitaire aura un impact majeur sur les stratégies thérapeutiques au niveau 
clinique. Les effets pléïotropiques de l’IL-21 sur les différentes cellules du système 
immunitaire  ayant un rôle dans la réponse anti-tumorale et anti-microbienne suggèrent 
fortement l’utilisation potentielle de cette cytokine pour des thérapies et la vaccination. 
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17- Articles non inclus dans la thèse de doctorat 
 
 Lors de cette thèse de doctorat, nous avons eu l’occasion de publier plusieurs 
autres articles de revues ainsi que des articles présentant des résultats originaux qui ne 
sont pas inclus dans cette thèse. Tous ces articles ont été soumis à un processus de 
révision par les pairs avant leur publication.  
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